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Abstract   
Light scattering is of great importance for improving the efficiency of thin-
film silicon solar cells, particularly for hydrogenated amorphous silicon 
(a-Si:H) solar cells which have a silicon thickness of less than 300 nm. This 
thesis theoretically and experimentally investigates optical scattering by 
microtextured glass surfaces created with the aluminium-induced texturisation 
(AIT) method, for absorption enhancement in a-Si:H solar cells.  
The spectral and angular dependent scattering properties of AIT glass 
are quantified using scattering models. A new model is developed to quanti-
tatively predict the scattering properties into the absorbing medium of thin-film 
solar cells using surface morphological properties. The model explains the 
haze value of the textured samples by considering both the opening angle of 
the haze measurement as well as the morphological properties of the textured 
surface. The model is then used to establish optimum morphological criteria 
for these microtextured glasses. Finally, a-Si:H solar cell structures are 
prepared on various superstrates, i.e. 1) planar glass with non-textured 
transparent conductive oxide (TCO), 2) planar glass with textured TCO, 
3) AIT glass with non-textured TCO, and 4) AIT glass with textured TCO 
(double-textured superstrate). The optical and electrical performances of the 
corresponding solar cells are compared. It is shown that AIT glass eliminates 
the need to texture the TCO front electrode, without any loss in the current 
generation capability of the solar cells. Furthermore, by using a double-
textured superstrate, the photon absorption can be significantly enhanced in a 
broad wavelength range. 
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𝒄𝟎  Speed of light in vacuum 
𝜺𝟎  Permittivity of free space 
𝝁𝟎  Permeability of free space 
𝝀  Wavelength 
𝑯𝑻(𝝀)  Haze in transmission 
𝑻𝒅𝒊𝒇𝒇(𝝀)  diffusively transmitted light 
𝑻𝒕𝒐𝒕𝒂𝒍(𝝀)  Total transmitted light 
𝑯𝑹(𝝀)  Haze in reflection 
𝑹𝒅𝒊𝒇𝒇(𝝀)  diffusively reflected light 
𝑹𝒕𝒐𝒕𝒂𝒍(𝝀)  Total reflected light 
𝑻𝒔𝒑𝒆𝒄𝒖𝒍𝒂𝒓(𝝀)  Specular transmission 
𝑹𝒔𝒑𝒆𝒄𝒖𝒍𝒂𝒓(𝝀)  Specular reflection 
𝑻𝟎  Transmittance of a perfectly smooth surface 
𝑹𝟎  Reflectance of a perfectly smooth surface 
𝑻𝒄𝒐𝒉𝒆𝒓𝒆𝒏𝒕  Coherently transmitted light 
𝑳  AFM image length 
∆𝒙  AFM image resolution 
∆𝝋  Phase change 
xxi 
Symbols Description 
𝓛(𝜶,𝜷)  diffracted radiance 
𝜶,𝜷  direction cosines 
𝑨𝒔  area of the diffracting aperture  𝑱𝒈𝒆𝒏  photocurrent 
𝑻  Temperature 
𝐀𝐭𝐨𝐭𝐚𝐥(𝛌)  Total absorptance 
𝑨𝒘  Weighted average absorptance 
𝑰𝑸𝑬(𝝀)  Internal quantum efficiency 
𝑬𝑸𝑬(𝝀)  External quantum efficiency 
∆𝑱𝒔𝒄  Short-circuit current enhancement 
𝜽𝒄  Total internal reflection angle 
𝜹𝒕𝒓𝒂𝒑𝒑𝒆𝒅  Trapped light 
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Chapter 1 Introduction 
 
The disproportionate production of greenhouse gases has been identified 
as one of the main reasons for global warming [1]. The reduction in green-
house gas emissions in some countries has not been sufficient to slow down 
global warming, despite the efforts that have been made by many countries to 
reduce greenhouse gas emissions. Under the current circumstances, 
implementation of renewable energy generation is essential to minimise 
further increases of greenhouse gas emissions from burning fossil fuels in the 
energy generation sector. Solar energy is one of the green energy alter-
natives [2]. 
The photovoltaic (PV) effect allows directly converting the energy of the 
photons emitted by the sun into electricity. In 1839, while experimenting with 
an electrolytic cell made up of two metal electrodes, French experimental 
physicist Alexandre-Edmond Becquerel discovered that it is possible to 
generate an electrical current by exposing certain materials to sunlight [3]. In 
1876, the PV effect was reported by William G. Adams and Richard E. Day 
for the first time in a solid material - selenium [4]. In 1941 the first silicon solar 
cell was patented by Russel Ohl from Bell Labs [5], and by 1954 the efficiency 
of silicon solar cells had improved to 6% [6].  
Today, there is a 70-year history of knowledge and background behind 
silicon solar cell fabrication. However, competing with cheap fossil fuel based 
electricity is still a challenge for the PV industry. In order to make solar 
electricity available in the competitive energy market, beside green policy 
making [2], further scientific effort is essential to bring the manufacturing cost 
down. In this regard, thin-film solar cells are attractive because of the lower 
energy payback time compared to wafer based silicon solar cells [7]. Energy 
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payback time is the amount of time required for the solar cell to generate all 
the energy that was used for its production. In thin-film silicon solar cells the 
silicon is deposited onto a substrate (for example glass), whereas for silicon 
wafer solar cells the fabrication of the silicon wafer is the first step. Thus, the 
low energy payback time of thin-film silicon solar cells are due to a smaller 
number of process steps and a lower raw materials consumption in the pro-
cess [7]. In addition, thin-film silicon solar cells are fabricated at low temper-
ature (typically below 250°C). Compared to other thin-film technologies, 
abundant and inexpensive materials are used for fabrication of these solar 
cells. Furthermore, hydrogenated amorphous silicon (a-Si:H) solar cell 
production technology benefits from the development of large-scale high-
throughput PECVD silicon deposition systems which were developed for 
liquid crystal displays (LCDs) [8]. 
Since the first demonstration of doped a-Si:H in 1975 [9] and, sub-
sequently, the fabrication of the first a-Si:H solar cells [10] in 1976, many PV 
researchers expected that a-Si:H solar cells will soon dominate the PV 
market. Although significant advances were made in the laboratories, 
development in large-scale commercialization was slow. Even though the low 
material cost and the ease of deposition make a-Si:H solar cells a very 
attractive candidate for cost reduction, there are several challenges. 
The main challenge for a-Si:H solar cells is their low efficiency. The low 
efficiency is due to two main reasons: the first is the low electronic quality of 
the highly defective absorber material. The defective a-Si:H absorber layer 
also results in the effect of light induced degradation (LID). Light exposure 
increases the defect density in amorphous silicon which decreases the photo-
conductivity and solar cell efficiency. The second reason for the low efficiency 
of a-Si:H solar cells is the low absorption coefficient of photons close the 
a-Si:H bandgap. The former reason is shortly discussed in the following 
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sections and the latter reason (low photon absorption) is the main motivation 
of the present research and will be discussed throughout the thesis. 
In this introductory chapter, the basic structure of a-Si:H solar cells and 
the advances in the structure are briefly explained. Subsequently, light 
scattering from randomly textured interfaces between the different layers of 
the thin-film solar cell is discussed as the main solution for enhancing photon 
absorption inside the thin-film solar cells. Furthermore, major findings and 
recent developments about light trapping using randomly textured surfaces 
are reviewed. Then, glass texturing is proposed as a possible replacement for 
the currently used textured substrates of a-Si:H solar cells. Aluminium 
induced texturing (AIT) is used as the glass texturing method because of the 
controllable surface morphology of the glass by controlling the fabrication 
parameters. Then the scope of the thesis is defined and a guide through the 
thesis is provided. 
1-1 The photovoltaic effect 
The working principle of solar cells is based on the generation of a 
voltage difference at the junction of two different materials in response to 
electromagnetic radiation. The response is called the photovoltaic effect. The 
PV effect can be divided into three basic processes [11]: 
1- Generation of charge carriers (electrons and holes) due to the 
absorption of photons in the materials that form a junction. 
2- Subsequent separation of the photo-generated charge carriers by the 
junction 
3- Collection of the photo-generated charge carriers at the terminals of 
the junction 
Light consists of energy quanta, called photons. The energy of such a 
photon is given by hν, where h is Planck’s constant and ν is the frequency of 
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the light. Absorption of a photon in a material means that the photon energy 
has excited an electron from an initial energy level Ei to a higher energy 
level Eh (Figure  1-1). Photons can be absorbed and generate an electron-hole 
pair if the photon energy hν exceeds the bandgap energy. The absorption of a 
photon in an ideal semiconductor is illustrated in Figure  1-1. In an ideal 
semiconductor electrons can populate energy levels below the valence band 
edge, EV, and above the conduction band edge, EC. Between these two 
bands there are no allowed energy states for electrons. Hence, this energy 
difference is called the bandgap, Eg = EC − EV. If a photon with energy 
smaller than Eg reaches an ideal semiconductor, it will not be absorbed but 
will be transmitted through the material. However for defective materials like 
amorphous silicon, the absence of long-range order causes tailing of the 
conduction and the valence band edges. Hence the martial can absorb 
photon with energy less than its bandgap [12]. 
 
Figure  1-1 Schematic drawing for photon absorption in a semiconductor. 
By exciting an electron from Ei to Ef , a hole is created at the energy level Ei. This hole behaves like a particle with a positive elementary charge. The 
absorption of a photon therefore leads to the creation of an electron-hole pair. 
The radiative energy of the photon is converted to the chemical energy of the 
electron-hole pair.  
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Usually, the electron-hole pair can recombine, i.e. the electron will fall 
back to the valence band edge. The energy will then be released either in 
form of a photon (radiative recombination) or transferred to other electrons or 
holes or lattice vibrations (non-radiative recombination). In order to avoid the 
recombination process, two interfaces must be present on both sides of the 
absorber that behave like semipermeable membranes, such that electrons 
only can flow out through one membrane and holes only can flow out through 
the other membrane. In most solar cells, these membranes are formed by n 
and p-type materials [1]. 
A solar cell has to be designed such that the electrons and holes can 
reach the membranes before they recombine. In other words, the time the 
charge carriers require to reach the membranes must be shorter than their 
lifetime. This requirement limits the thickness of the absorber. Then, the 
charge carriers are extracted from the solar cells with electrical contacts so 
that they can perform work in an external load. In other words, the chemical 
energy of the electron-hole pairs that is created by photon absorption and 
separation of the electron and hole is converted to electric energy.  
The external electrical characteristics of a solar cell are determined by 
illuminating the solar cell under standard testing conditions and measuring the 
current while increasing the voltage at the terminals. An example of an 
‘illuminated’ I-V curve is given in Figure  1-2. The power density, which is the 
product of current density and voltage, is also indicated along with the main 
I-V parameters. The main I-V parameters are:  
- The short-circuit current density 𝐽𝑠𝑐, which is the current generated by 
the solar cell at zero voltage (i.e. short-circuit condition). 𝐽𝑠𝑐 is deter-
mined by optical and recombination losses. In the case of high series 
resistance 𝑅𝑠, Jsc will be reduced further.  
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- The open-circuit voltage 𝑉𝑜𝑐, which is the voltage generated by the 
solar cell at zero current i.e. open-circuit condition. It is mainly 
affected by the bandgap of the material and recombination of the 
charge carriers and is temperature dependent. 𝑉𝑜𝑐 is also affected by 
the shunt resistance 𝑅𝑠ℎ. 
- The current density 𝐽𝑚𝑝𝑝 and voltage 𝑉𝑚𝑝𝑝 at the maximum power 
point (mpp) and the resulting fill factor (𝐹𝐹) of the I-V curve. 𝐹𝐹 is 
affected by 𝑅𝑠ℎ and 𝑅𝑠. It is also affected by current matching in 
tandem solar cells (e.g., micromorph cells). Tandem solar cells are 
explained in the following section. 
 
Figure  1-2 Illustration of the 'illuminated' I-V curve of a thin-film solar cell. 
- The power conversion efficiency of the solar cell can be calculated 
by: 






    ( 1-1) 
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where 𝑃𝑖𝑛𝑐  is the total power density of the incident radiation, which in 
this case is 1000 W/m2 (i.e., the power density of 1 sun irradiation). The light 
intensity on a solar cell is often expressed in numbers of suns, whereby 1 sun 
corresponds to standard illumination at AM1.5G. 
1-2 Amorphous silicon (a-Si:H) solar cells  
In 1976, David Carlson and Christopher Wronski reported the first 
amorphous silicon solar cell, with a PV efficiency of 2.4% [10]. Shortly 
afterwards, it was recognized that the major challenge in making a stable 
a-Si:H solar cell is the phenomenon of light-induced degradation (LID) [13] or 
the Staebler-Wronski (SW) effect. The term SW effect refers to the pheno-
menon that light exposure increases the defect density in amorphous silicon, 
which in turn decreases the photoconductivity and solar cell efficiency [14-17]. 
There have been many research studies trying to understand and supress the 
SW effect [18-26]. It is now known that plasma-deposited amorphous silicon 
contains a significant percentage of hydrogen atoms bonded to the silicon 
atoms in the amorphous silicon structure. These hydrogen atoms passivate 
the dangling bonds of Si in the a-Si:H material and hence are essential for 
good electronic properties [22]. It has been suggested that the atomic bond 
between silicon and hydrogen may break by absorbing a photon. As a result, 
the hydrogen content of the a-Si:H material plays an important role in LID.  
Apart from the a-Si:H material properties, the solar cell structure is also 
important in fabricating a highly efficient device. The fundamental diode inside 
an a-Si:H solar cell consists of three layers: a thin p-doped a-Si:H layer, an 
intrinsic a-Si:H absorber layer and a thin n-doped a-Si:H layer. The solar cell 
is made either in a p-i-n or a n-i-p sequence in superstrate or substrate 
configuration, respectively [27]. Figure  1-3 shows the schematic drawing of 




Figure  1-3 Schematic drawing of a-Si:H solar cell in superstrate (p-i-n) and 
substrate (n-i-p) configuration (not to scale). The solar cells are illuminated 
from the top. 
In the superstrate configuration (which is used in this thesis), the whole 
structure is deposited on a transparent superstrate, see Figure  1-3(a). In this 
configuration the deposition sequence of the photodiode is p-doped, intrinsic 
and n-doped a-Si:H (p-i-n). In the substrate configuration (see Figure  1-3(b)), 
the deposition sequence is n-i-p on the substrate. Thus, the p-doped layer 
always faces the sun, which is a result of the lower mobility of holes 
compared to electrons in a-Si:H. 
The front contact is usually a transparent conductive oxide (TCO) 
material. Light enters the structure through the p-type layer (because of low 
hole mobility in a-Si:H material). The p-layer should be a nearly transparent 
“window” layer (i.e. have a large optical bandgap) [28]. The photons are 
mostly absorbed in the much thicker intrinsic absorber layer. The absorbed 
photons generate electron-hole pairs [29]. The p and n doped layers of the 
structure result in a strong built-in electric field. The photogenerated electron-
hole pairs are separated by the built-in electric field (typically more than 104 
V/cm [28]), leading to a photovoltage and photocurrent (and thus photovoltaic 
power) that can be extracted via the heavily doped layers (p, n) [27]. There 
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are two conductive layers that are contacted to the photodiode at the front 
and back. The back contact is usually designed to reflect the transmitted light 
back to the photodiode (‘back surface reflector’).  
The major difference between amorphous and crystalline silicon solar 
cells is the intrinsic a-Si:H layer (i-layer) in between the p-type and n-type 
a-Si:H layers. Amorphous silicon material is highly defective by nature and 
hence has poor electronic properties (i.e. high recombination rate and low 
mobility and lifetime of the carries). As a result, a-Si:H solar cells are typically 
thinner than 300 nm. Doped amorphous silicon has even larger defect density 
and hence very high recombination rate. As a result, a p-n junction of a-Si:H 
can only collect photocarriers generated very close to the junction (because 
of the high minority carrier recombination rate) [27]. As a result, most photons 
absorbed in the doped layers are considered to be lost. Hence, introducing an 
un-doped intrinsic layer as an absorber layer enables absorption of most of 
the light and allows separation of the photogenerated electron-hole pairs 
using the built-in electric field before they recombine. 
The efficiency of an amorphous silicon p-i-n photodiode structure can be 
improved by depositing two or three such photodiodes on top of each other, 
to create a “multi-junction” or “tandem” device. A schematic drawing of a 
double-junction device is shown in Figure  1-4. In this figure, the absorber 
layer of the bottom cell is microcrystalline silicon (µc-Si:H) with a smaller 
bandgap (~1.2 eV) than a-Si:H (~1.7 eV). This solar cell structure is called the 
“micromorph” cell. One of the advantages of the tandem design over single-
junction cells is spectrum splitting of the solar illumination. Since the light 
absorption coefficient decreases rapidly when the wavelength approaches the 
bandgap of the absorber (i.e. a-Si:H), the topmost layer of a tandem cell acts 
as a low-pass optical filter. The low-energy photons that pass through the top 
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junction can be efficiently harvested by µc-Si:H, which has a much larger 
absorption coefficient below 1.7 eV than does a-Si:H [12]. 
 
Figure  1-4 Schematic drawing of a double-junction solar cell (not to scale). 
The absorber layer of the top cell and the bottom cell are a-Si:H and µc-Si:H, 
respectively.  
In addition to the spectrum splitting, tandem solar cells usually work 
under larger voltage and lower current compared to the single-junction solar 
cells of the same type. In multi-junction solar cells, the open-circuit voltages of 
the individual cells add up to the total open-circuit voltage. However, there are 
always losses involved in the tunnel junctions between individual cells, 
somewhat reducing the total Voc. 
There have been tremendous efforts over the years on increasing the 
efficiencies of these solar cells. The current record efficiencies of different 
a-Si:H based solar cells are listed in Table  1-1. The table shows the indepen-
dently confirmed terrestrial cell and sub-module efficiencies measured under 
the global AM1.5 spectrum [30]. 
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Table  1-1 Confirmed terrestrial cell and sub-module efficiencies* measured 





























0.4 1.006 1.936 9.52 71.9 
NREL 
(7/12) LG Electronics 
a-Si/nc-Si 12.3 ± 0.3 0.962 1.365 12.93 69.4 
AIST 
(7/11) Kaneka 
a-Si/nc-Si 11.7 ± 0.4 14.23 5.462 2.99 71.3 
AIST 
(9/04) Kaneka 
* The cells were light-soaked under 100 mW/cm2 white light at 50°C for over 
1000 h in order to stabilize the efficiency 
AIST: Japanese National Institute of Advanced Industrial Science and 
Technology. 
NREL: National Renewable Energy Laboratory 
 
The above description is a simplified basic explanation of a-Si:H and 
micromorph solar cells. Needless to mention, fabrication of an a-Si:H solar 
cell with high efficiency requires a profound understanding of the band 
diagram of the device as well as the interface behaviour [24, 31-38] and 
material properties the doped and intrinsic layers [39-45]. Investigation of the 
optimization of the electrical properties of the solar cell is widely studied in the 
literature and considered outside of the scope of this thesis. The optimized 
a-Si:H solar cell that is used in this thesis has previously been described in 
the literature [46-49]. This thesis investigates the scattering properties of 
textured glass as a superstrate for light absorption enhancement in this solar 
cell and does not provide solar cell optimization details. The structure of the 
device is presented in Chapter 3. 
As mentioned above, due to poor electronic properties of a-Si:H and the 
LID effect, the thickness of the a-Si:H solar cell is typically less than 300 nm. 
a-Si:H has a very high optical absorption coefficient for photons with energy 
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larger than the bandgap. However the thin absorber layer limits the optical 
absorption of the photons with energies close the a-Si:H optical bandgap. As 
a result, trapping the light inside the solar cell structure is important in order to 
increase the optical absorption in the absorber layer and increase the solar 
cell efficiency. In the following section, methods for light trapping inside the 
a-Si:H solar cell structure are briefly discussed. 
1-3 Light trapping and advances in the randomly textured surfaces 
Hydrogenated amorphous silicon (a-Si:H) has a very high optical 
absorption coefficient (see Figure  1-5) for photons with energy larger than the 
bandgap, enabling absorber layer thicknesses of well below 500 nm for such 
solar cells. Due to weak absorption of light in amorphous silicon near its 
optical bandgap, an effective light trapping scheme is essential for a-Si:H 
solar cells.  
 
Figure  1-5 Absorption coefficient of a-Si:H, µc-Si:H and crystalline silicon 
(c-Si) [50]. 
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It was first shown in 1983 that scattering at textured interfaces enhances 
the optical absorption in a-Si:H thin-film solar cells [51, 52]. It is well known 
that texturing the interface between the a-Si:H photo-diode and the front 
contact leads to scattering of light which is essential to light absorption 
enhancement in the structure [52-56]. A good back surface reflector is also 
needed to gain the full benefit of optical absorption enhancement [57-63]. 
Apart from the light scattering, the textured silicon film surfaces also reduces 
reflection losses at the front surface of the solar cell (double-bounce effect) 
[64]. In 1983, it was suggested by Deckman et al. [51] that light is scattered 
by surface textures that have feature sizes comparable with the wavelength of 
the relevant photons. In other words, both very large and very small feature 
sizes (relative to the wavelength of the relevant photons) do not provide good 
scattering of the light. In another study, Yablonovitch [65] has defined a 
Lambertian limit for absorption enhancement in the limit of low absorption. A 
surface which obeys Lambert's law is said to be Lambertian. Lambert's law 
states that the radiant intensity observed from an ideal diffusely reflecting (or 
transmitting) surface is directly proportional to the cosine of the angle θ 
between the observer's line of sight and the surface normal. A Lambertian 
surface is observed with constant brightness in all observation angles.  
According to Yablonovitch, the Lambertian limit of increasing the 
absorption length is ℎ =  4𝑛2, where 𝑛 is the refractive index of the absorber 
layer [65, 66] and ℎ is a measure of the optical absorption enhancement due 
to both oblique and multiple passes [65]. Considering that 𝑛 ≈ 4 for a-Si:H, the 
maximum limit for optical enhancement is about 56. However, in actual a-Si:H 
solar cells ℎ does not exceed values of about 20 due to parasitic absorption 
losses [67].  
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There are two main scattering characteristics that evaluate the scattering 
from randomly textured surfaces, namely haze and angularly resolved 
scattering (ARS). The haze value is a wavelength dependent quantity defined 
as the share of the light non-specularly transmitted/ reflected at an interface 
and quantifies the amount of diffuse light scattered away from the specular 
direction. In this thesis, as a-Si:H solar cells in superstrate configuration are 
assessed, haze in transmission is evaluated because it is related to the first 
scattering event at the surface of the front TCO. The haze value can be easily 
measured in air (see Figure  1-6(b)), however the scattering properties need to 
be evaluated for transmission of light into the absorber material (see 
Figure  1-6(a)).  
 
Figure  1-6 Schematic drawing of the scattering interface a) into the absorber 
and b) into air. 
Haze into air is considered a primary value for evaluating a scattering 
surface. However, the angular dependence of this scattered light also plays 
an important role in the absorption enhancement. An ARS measurement 
quantifies the angular dependence of the scattered light. The ARS therefore 
contains significantly more information than the haze value. ARS is denoted 
by many different names in the literature, for example angular intensity 
distribution (AID) or angular distribution function (ADF). However, ARS can 
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also only be measured in air, although it is again necessary to evaluate it 
inside the absorber material. In Chapter 2, haze and ARS are discussed in 
more detail and the models that can predict the values inside the absorber 
materials are discussed. 
The criteria for efficient light scattering were experimentally investigated 
in many studies. Today, scattering surfaces are an inherent part of all thin-film 
silicon solar cells and a large variety of textures was investigated for these 
solar cells. In a-Si:H solar cells, different interfaces are textured. Examples 
are the TCO/a-Si:H interface [68-73] and the interface between the solar cell 
and the back reflector [57]. Additionally, it was shown that using a super-
imposed microtextured glass/TCO interface and nanotextured TCO/a-Si:H 
interface (or double-textured superstrate) results in efficient light scattering in 
a broader wavelength range [69, 71, 74-77]. Other than texturing the TCO on 
planar glass, it is also possible to texture the glass superstrate before TCO 
deposition (without a further TCO texturing process). This process also 
provides a textured superstrate for light scattering into a-Si:H solar cells. 
However, to the author’s knowledge, such superstrates were never used for 
a-Si:H solar cells. Hence, it is useful to study a glass texturing method that 
can produce a wide range of feature sizes.  
1-4 AIT glass, a practical randomly textured scattering superstrate  
Glass is an excellent supporting material for thin-film solar cells. It is 
mechanically stable, available in large quantities, inexpensive, provides a 
moisture barrier and is long-term stable in outdoor use. In addition, it is highly 
transparent for most parts of the solar spectrum. All these characteristics 
make glass sheets suitable as a front support for thin-film solar cells in super-
strate configuration.  
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It is known that optical scattering is most important at the interface 
between the textured TCO and the amorphous silicon material. Hence, 
textured TCOs are usually used for light scattering into these solar cells and 
have proven efficient. Fluorine doped tin oxide (SnO2:F) on glass is the 
currently commercialized textured TCO, which is extensively used for a-Si:H 
solar cells [78]. It is reported that a high contact barrier between the n-type 
SnO2:F and the p-type a-SiC:H causes a leaky Schottky barrier [79], thereby 
reducing the solar cell’s open-circuit voltage Voc. The contact problem stems 
from hydrogen plasma exposure of the SnO2:F during the solar cell 
fabrication process [79]. Metal doped zinc oxide (ZnO) films are alternative 
TCOs that have a higher resistance against the hydrogen plasma, and it was 
suggested that a ZnO buffer layer can solve the contact problem at the TCO/p 
interface [79, 80]. In addition, in recent years, more transparent µc-SiOx:H 
p-layers have been developed for a-Si:H solar cells which can only be 
fabricated on ZnO:Al (AZO) due to its H-plasma resistance [38]. However, 
fabricating textured doped ZnO electrodes often involves costly and time 
consuming fabrication methods (i.e. using low pressure LPCVD) or requires 
an additional post-deposition etching process (i.e. using sputtered ZnO), 
thereby leading to undesired (and costly) material losses.  
Texturing the glass is a technique by which significant light trapping can 
be realized in the thin-film solar cell structure (see Ref. [29], p. 469). The 
glass texturing methods have, so far, mostly been used for polycrystalline 
silicon (pc-Si) solar cells. For micromorph or µc-Si:H solar cells, textured 
glass is mostly used for fabrication of double-textured surfaces (e.g., texture-
etched TCO on textured glass) [48, 71, 77, 78, 81]. 
Different methods have been used for glass texturing for pc-Si solar cells. 
Researchers in Pacific Solar (later CSG Solar) have used hydrofluoric acid 
(HF) for etching the glass. By adding another chemical like BaSO4 they 
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partially masked some parts of the glass surface during etching. As a result, a 
non-uniform etching gives a textured surface [29]. However, Pacific Solar has 
neither published any results on solar cells fabricated using this kind of 
textured glass, nor presented any further details regarding this method. 
Another texturing method, also developed by Pacific Solar, uses a liquid 
surface coating (sol-gel) containing SiO2 spheres (glass beads) [82, 83]. In 
this method a texturing layer including particles held in a binding matrix is 
applied onto the glass surface. The texturing layer is a SiO2 Sol-Gel glass 
containing SiO2 particles. The thickness of sol-gel film after it is applied 
should be less than an average diameter of the texturing particles [82]. The 
short-circuit current of a mini-module using these textured glasses is reported 
as 25.6 mA/cm2 for a pc-Si thickness of 1.6 µm.  
A more obvious method for glass texturing is sand blasting, which was 
used as early as 1983 [52] for thin-film amorphous silicon. CSG Solar have 
recently realized a thin-film pc-Si solar cell with an efficiency of 10.4% and a 
current of 29.5 mA/cm2 for a 2.2 µm thick silicon film deposited on sand-
blasted glass followed by etching in HF. HF is used to smoothen the 
extremely damaged and rough glass surface [29, 83]. 
Another method is embossing. Embossing requires heating the glass to 
temperatures near its softening point. However the smallest feature size 
obtained by this method is in the order of 10 µm, which is not suitable for 
thinner solar cells like those made from amorphous silicon. Other methods 
like plasma etching or reactive ion etching (RIE) with or without natural litho-
graphy were proposed; however, the solar cell results on these superstrates 
(𝐽𝑠𝑐 =  23.79 𝑚𝐴/𝑐𝑚2) cannot compete with the glass beads method [29]. 
The method that will be used in this research project is the aluminium-
induced texture (AIT) [84], developed by Aberle et al. in the early 2000s. In 
this method a thin sacrificial aluminium film is deposited onto a planar glass 
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sheet (by evaporation or sputtering). By annealing the sample at intermediate 
temperature (~600°C) in an inert atmosphere, a redox reaction is initiated 
whereby aluminium is oxidized to Al2O3 and SiO2 reduced to silicon [29, 64]:  
 
𝐴𝑙 + 𝑆𝑖𝑂2 → 𝐴𝑙2𝑂3 + 𝑆𝑖                        ( 1-2)  
 
The annealing temperature is above the eutectic temperature of the Al-Si 
system and the annealing time is approximately 120 minutes [85]. The 
surface texture is transferred to the glass according to the nucleation 
conditions provided during this annealing. Subsequent wet-chemical etching 
removes the reaction products from the glass surface and reveals the glass 
texture. Significant absorption enhancement was observed in Si thin-film 
diodes formed on AIT glass sheets for pc-Si thicknesses of 1.15 and 2.7 µm 
[29, 86].  
The AIT method is a versatile approach for texturing glass surfaces [10]. 
The resulting feature sizes are ranging from 200 nm to a few microns. 
Moreover, as previously shown by our group [87], the AIT method is capable 
of producing a wide variety of dominant feature sizes and roughnesses, 
depending on the process conditions. Improvements in the optical absorption 
of pc-Si thin-film solar cells on glass were demonstrated for AIT glass [64, 
88]. However, the criteria for surface morphology factors of AIT glass (i.e. rms 
roughness or autocorrelation length) that are suitable for efficient light 
scattering in a-Si:H solar cell had not been established previously.  
AIT glass was first proposed for pc-Si thin-film solar cells. Figure  1-7 
shows the absorption in pc-Si cells deposited onto planar and AIT glass. It 
can be clearly seen that glass texturing has significantly increased the optical 
absorption [29]. However, the method has so far not been investigated for 




Figure  1-7 Measured absorption of pc-Si solar cells (glass/SiN/n+pp+ pc-Si 
diode) on planar (the bottom curve, blue) and two AIT glasses (top curves, 
grey and black) [64]. 
In this thesis, the use of AIT glass superstrates (Figure  1-8b) instead of 
texturing the sputtered/etched ZnO (Figure  1-8a) is investigated for a-Si:H 
solar cells. Using textured superstrates for light scattering, consisting of 
aluminium-induced texture (AIT) glass coated with sputtered (non-textured) 
aluminium-doped ZnO (AZO), is suggested as an alternative to the 
conventional wet-chemical AZO texturing method. Moreover, by using 





Figure  1-8 Schematic of an a-Si:H solar cell in superstrate configuration 
fabricated on a) textured TCO and b) AIT glass (not to scale). The structure in 
graph (b) is the focus of this thesis. 
1-5 Scope of the thesis 
From the above review, we can see that the research carried out on light 
scattering from randomly textured surfaces for thin-film silicon solar cells is 
performed mainly on textured TCOs. The textured TCO can be made by low-
pressure chemical vapour deposition (LPCVD) or can be fabricated by 
etching of a sputtered TCO film. LPCVD is an intrinsically expensive process. 
On the other hand, etched TCOs are also costly due to the material lost 
during the etching process. Alternatively, glass texturing could be a substitute 
for TCO texturing for light scattering into thin-film solar cells. However, the 
scattering properties of textured glass superstrates are yet to be investigated 
for amorphous silicon thin-film solar cells.  
In this research, the scattering properties of AIT glass samples are 
investigated. The ARS and haze measurements are performed in air using a 
goniophotometer and a spectrophotometer, respectively. Scattering into the 
absorber material is not directly accessible by measurement. As a result, 
most of the available studies in the literature only present the measured 
scattering properties of the textured superstrates into air. However, it is also 
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important to simulate ARS and haze, so that the corresponding scattering 
properties can be projected into the absorber material. In this thesis, the 
method presented by Domine et.al. [89] is used for ARS simulation (the 
model is presented in Chapter 2). This method is widely used and validated 
for scattering from textured TCO. Since textured glass has different morpho-
logical properties compared to textured TCO, the validity of the model needs 
to be verified for textured glass samples. In this thesis, the model is verified 
for scattering from textured glass.  
The haze value also needs to be calculated into the absorber material. 
The haze value of randomly textured superstrates is modelled using scalar 
scattering theories (SST). Past studies have shown good agreement between 
the measured and the calculated scattering properties, for structures with a 
small ratio of roughness to lateral feature size. However, for structures with a 
large ratio of roughness to lateral feature size, the scalar scattering theory 
fails to predict the amount of scattered light, which is measured by the haze 
value. As a result, estimating the haze value for highly scattering substrates 
has been a challenge. In Chapter 2, different haze models will be discussed 
in detail. It will be shown that the usual approaches for haze value estimation 
are insufficient, and in some cases even erroneous. In this thesis a new 
approach for haze calculation will be proposed and verified experimentally. 
The proposed equation conquers the limitations of available haze equations 
and explains the scattering behaviour of the AIT samples. It should be noted 
that the validity of the haze equation is only checked for the AIT glass 
samples available for this study. The equation might need to be validated for 
new types of textured samples prepared by different texturing methods. The 
scattering studies presented here may extend the understanding of the 
scattering mechanism of randomly textured surfaces with large feature size 
(such as AIT glass samples).  
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Furthermore, this study investigates whether AIT glass can provide 
similar scattering advantages for a-Si:H solar cells as textured TCO. The goal 
of this study is to assess whether textured TCO can be replaced by AIT glass. 
Accordingly, a-Si:H and micromorph solar cells are fabricated on AIT super-
strates. For comparison, the same cell structure is also fabricated on non-
textured superstrates and textured TCO superstrates. The optical absorption 
enhancements as well as short-circuit current enhancements of the solar cells 
on different superstrates are measured and compared.  
 
1-6 Guide through the thesis 
The purpose of this work is to demonstrate the ability of AIT glass to 
scatter light into a-Si:H solar cells. For this purpose, it is essential to 
understand the light scattering behaviour of this kind of textured superstrate. 
The scalar scattering theory (SST) explains the scattering behaviour of 
randomly textured substrates. In Chapter 2, SST will be introduced in order to 
provide an insight in the scattering behaviour of textured surfaces. Further-
more, the models used for simulation of the haze and ARS are explained. The 
methodology for validating the models against the experimentally measured 
scattering data is provided in Chapter 3. In addition, the corresponding 
fabrication and characterization methods will be explained. Chapter 4 
presents the scattering properties as well as the morphological characteristics 
of the different textured surfaces (both textured TCO and AIT glass). In this 
chapter, the measured scattering properties of the samples are used to 
validate the simulated scattering properties into air. The model is then used to 
simulate the scattering properties into the thin-film absorber layer of the solar 
cell. Chapter 5 quantifies the optical absorption enhancement of a-Si:H thin-
film layers as well as a-Si:H and micromorph solar cells fabricated on textured 
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glass superstrates. Chapter 6 shows the actual solar cell results (I-V 
characteristics and quantum efficiency curves) deposited on the same 




Chapter 2 Theory and background 
 
In order to understand the scattering properties of randomly textured 
surfaces, the characteristics of the surface morphology need be quantified. 
The root mean square (rms) roughness is a commonly used value for quanti-
fying roughness, and is explained in Section  2-1-1. In addition, the power 
spectral density (PSD) of the textured surface and the autocorrelation function 
of the surface are important characteristics of the textured surface. They are 
explained in Sections  2-1-2 and  2-1-3, respectively.  
In order to understand light absorption enhancement in thin-film silicon 
solar cells, it is necessary to evaluate light scattering from the textured 
surfaces into the absorber layers. In this thesis, the scattering process is 
described using two quantities: Haze and Angularly Resolved Scattering 
(ARS). As mentioned before, these properties can be easily measured in air. 
However, in order to evaluate and compare the scattering capabilities of 
different textured superstrates, it is necessary to evaluate the scattering 
properties into the absorber material. The scattering properties in the 
absorber layer are not directly accessible for measurement. In this chapter, 
scalar scattering theory is described and models that use this theory to 
evaluate haze values and angular resolved scattering are explained. In 
Chapters 4 and 6, these models are used to evaluate the scattering proper-
ties of the textured superstrates. 
In Section  2-2-1 the scalar scattering theory (SST) for calculating the 
scattering properties of textured surfaces for thin-film silicon solar cells is 
explained. In Section  2-2-2 the haze value is defined and the theory is used to 
explain the haze value. In Section  2-2-3, the modelling angularly resolved 
scattering (ARS) based on SST is explained.  
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In addition, a 2-diode model for simulation of a solar cell structure is 
briefly explained in Section 2-3. This model is used in Chapter 6 for correcting 
the I-V curve of the a-Si:H solar cells for shunting issues.  
 
2-1 Surface morphology 
2-1-1 Root mean square roughness (σrms) 
Root mean square roughness (𝜎𝑟𝑚𝑠) is a measure of the texture of 
a surface. It is quantified by the vertical deviations of a real surface from its 
mean plane. 𝜎𝑟𝑚𝑠 plays an important role in determining how a real object will 
interact with its environment. For the case of textured surfaces for light 
scattering, the height profile of the surface, 𝑧 = ℎ′(𝑥,𝑦), is usually measured 
with an atomic force microscope (AFM). The result is usually a discrete set of 
numbers that define the surface profile of the samples. Let’s first assume that 
ℎ′(𝑥,𝑦) is a continuous function. For simplicity, we assume that the mean 
value ℎ�′ is subtracted from ℎ(𝑥,𝑦) = ℎ′(𝑥,𝑦) − ℎ�(𝑥,𝑦) and, consequently, 
ℎ�(𝑥,𝑦) = 0. Hence, 𝑧 = ℎ(𝑥,𝑦) is considered the height profile throughout the 




∫ ∫ [ℎ(𝑥,𝑦)]2𝑑𝑥𝑑𝑦𝑎 2⁄−𝑎 2⁄𝑏 2⁄−𝑏 2⁄             ( 2-1) 
 
𝑎 and 𝑏 are the length and width of the AFM image, respectively, and 𝐴 is 
the surface area. For a discrete height function ℎ(𝑥𝑚,𝑦𝑛) this variance is 




𝑀 𝑁∑ ∑ [ℎ(𝑥𝑚,𝑦𝑛)]2𝑀𝑚=1𝑁𝑛=1     ( 2-2) 
 
where M and N are the number of sample points in 𝑥 and 𝑦 direction in 





        ( 2-3) 
∆𝑦 = 𝑏
𝑁
        ( 2-4) 
 
2-1-2 Power spectral density (PSD) 
2-1-2-1 Definition of PSD 
Power spectral density (PSD) of a two-dimensional wave form is defined 
as the square of the Fourier transform of the wave normalized over area. 
Therefore, PSD decomposes a waveform to its sinusoidal components. An 
AFM image can be considered as a 2-dimensional wave form in space 
domain. As a result, PSD of this image provides information on the contri-
bution of the sinusoidal components with different spatial frequencies in the 
image. The wavelength of these sinusoidal components can be taken as 
representatives of the lateral feature sizes of the features in the AFM image. 
Hence it is possible to evaluate the contribution of small and large features by 
comparing the contribution of different frequencies of the PSD function of 
different AFM images. The PSD functions of the AFM images of the investi-
gated superstrates are presented in Chapter 4.  
The two-dimensional PSD can be calculated, for both continuous and 
discrete height profile functions, as follows [90, 91]: 
 
𝑃𝑆𝐷(𝑢, 𝑣) = 1
𝐴
�∫ ∫ ℎ(𝑥,𝑦)𝑒−2𝜋𝑖(𝑢𝑥+𝑣𝑦)𝑑𝑥𝑑𝑦𝑎 2⁄−𝑎 2⁄𝑏 2⁄−𝑏 2⁄ �2   ( 2-5) 
 
𝑃𝑆𝐷(𝑢𝑚, 𝑣𝑛) = 1𝐴 |ℑ{ℎ(𝑥𝑚,𝑦𝑛)}∆𝑥∆𝑦|2 = (∆𝑥∆𝑦)2𝐴 |ℑ{ℎ(𝑥𝑚,𝑦𝑛)}|2  ( 2-6) 
 
where 𝑢 and 𝑣 are the spatial frequency variables in the horizontal and 
vertical direction respectively. ℑ represents the two-dimensional Fourier 
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transform which, for practical purposes, is calculated using a 2-dimensional 
Fast Fourier Transform (FFT) routine. 𝑢𝑚 and 𝑣𝑛 are defined as: 
 
𝑢𝑚 =  [𝑚 − (𝑀 + 1)/2] (𝑀∆𝑥)⁄      ( 2-7) 
 
𝑣𝑛 =  [𝑛 − (𝑁 + 1)/2] (𝑁∆𝑦)⁄       ( 2-8) 
 
𝜎𝑟𝑚𝑠 is also related to the PSD of the surface profile through the central 
ordinate theorem of Fourier Transform theory. Based on this theorem,  𝜎𝑟𝑚𝑠 
can be calculated by spectral integration of the PSD function [92]. Thus 





∑ ∑ 𝑃𝑆𝐷(𝑢𝑚,𝑣𝑛)𝑀𝑚=1𝑁𝑛=1 = (∆𝑥∆𝑦)2𝐴2 ∑  ∑ |ℑ{ℎ(𝑥𝑚,𝑦𝑛)}|2𝑀𝑚=1𝑁𝑛=1   
 = 1(𝑀𝑁)2 ∑  ∑ |ℑ{ℎ(𝑥𝑚,𝑦𝑛)}|2𝑀𝑚=1𝑁𝑛=1     ( 2-9) 
 
For a randomly textured surface, which is homogenous in all directions, 
the 2-D 𝑃𝑆𝐷(𝑢, 𝑣) has a rotational symmetry around the z axis at (𝑢, 𝑣) =(0,0). Hence this function is often written as 𝑃𝑆𝐷(𝑓) in which: 
 
𝑓2 = 𝑢2 + 𝑣2       ( 2-10) 
 
Hence, for an AFM image for which 𝑎 = 𝑏 = 𝐿 and 𝑀 = 𝑁, 𝜎𝑟𝑚𝑠 can be 
written as: 
 
𝜎𝑟𝑚𝑠 = 2𝜋 ∫ 𝑃𝑆𝐷(𝑓) 𝑓 𝑑𝑓1 ∆𝑥⁄1 𝐿⁄      ( 2-11)  
 
As can be seen, the limits of the integral are restricted to the scan size 
(𝑎) and the resolution (∆𝑥) of the AFM image. Hence, 𝜎𝑟𝑚𝑠 is a band limited 
property. 
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2-1-2-2 Fitting the PSD function and the limitations  
In this thesis, a general form of PSD equation is used, which can 
represent the PSD function of the AFM images of AIT glasses. The general 
equation is proposed for the PSD function of surface profiles by Church and 
Takacs [93] for randomly textured surfaces.  
 
𝑃𝑆𝐷2𝐷(𝑓) = 𝐴𝐵[1+(𝐵𝑓)2]𝐶+12       ( 2-12) 
 
𝑓 is the spatial frequency. The function is known as ABC function. A, B 
and C can be considered the fitting parameters of the ABC equation to the 
PSD function of the surface. There is also The ABC function is particularly 
useful since it provides a simple analytical expression of the autocorrelation 
function (ACV(τ)) of the surface as well as the 1D-PSD function [93]. The 
autocorrelation function is defined in the following section (Section  2-1-3). 
Using the equation, some morphological quantities will be introduced and 
acquired to compare the morphology of the textured samples in this thesis. In 
addition to the autocorrelation length, the total roughness is another useful 
quantity that can be derived from the PSD function. The total roughness 𝜎𝑡𝑜𝑡 
is a surface parameter that is independent of the AFM measurement 
dimensions or resolution (because of the limits of the integral). It is defined 
as:  
 
𝜎𝑡𝑜𝑡 = 2𝜋 ∫ 𝑃𝑆𝐷2𝐷(𝑓) 𝑓 𝑑𝑓∞0 = 2𝜋𝐴(𝐶−1)𝐵2    ( 2-13) 
 
In Equation  2-13, the integration boundaries are changed to 0 and infinity 
in order to integrate over the total PSD function. 
The equation is also used in order to derive an analytical solution for the 
haze equation. In Section  4-2-3, the PSD function that is fitting with the PSD 
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data of the AFM images is introduced and the related morphology factors are 
derived.  
As mentioned in the Section  2-1-2-1, PSD data driven from the AFM 
image is a band-limited property as the scan size (image length) of the AFM 
image as is limited. In addition, the low spatial frequency part of the PSD data 
contains the information on overall shape of the surface profile in which the 
details of the textured surface is superimposed. In order to avoid 
contaminating the data with the artefacts in the low spatial frequency region, it 
is necessary to remove the related data form the PSD spectrum. Since the 
low-order curvature of the surface profile is generally limited to the first 10 
terms, the first ten data points in the PSD data are ignored to avoid 
measurement artefacts in the low spatial frequency region [94]. 
In addition, in the high spatial frequency part of the PSD curve, an 
aliasing happens that results in a difference between the PSD function of the 
same surface with different AFM resolution in high spatial frequencies. The 
reason for the aliasing effect is that the AFM tip-resolved frequencies that are 
higher than the Fourier transform cut-off frequency (i.e. Nyquist frequency) 
can fold back to the high frequency domain and increase the PSD function in 
that domain of the spectrum. For further reading on the Nyquist frequency 
please refer to Bennett and Mattsson [95]. Additionally, the mismatch long the 
edges of the AFM image can increase this aliasing effect. In Fourier transform 
method, it is assumed that the image is periodic. For a real AFM image, this 
means that all the edges of the image should perfectly match with each other. 
Since this is not the case for an AFM image of a randomly textured surface, 
many high frequency terms will be added to the PSD function of the surface 
[94].  
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In this thesis, the first 10 data points of the PSD function are eliminated in 
order to avoid the error in fitting the PSD function. In addition, the high-
frequency analysis limit is determined by fitting the data with the ABC 
equation (in a log-log scale), starting from the low frequency limit and adding 
up the data points toward the high frequency and performing a least square 
fit. The data points are incrementally added and the cut-off frequency is 
located where the slope of the PSD suddenly decreases. The method is taken 
from Feninat et al. [94]  
 
2-1-3 Autocorrelation function 
The autocorrelation length is a measure for the main lateral structure size 
occurring in the textured surface and dictates the distribution into which the 
light is scattered [96]. The autocorrelation length is defined using the auto-
correlation function. The autocorrelation function ACV(t) of a real function 
𝑓(𝑥) is defined as the cross-correlation integral of function 𝑓(𝑥) with itself at 
lag 𝜏 (Equation ( 2-14)). 
 
𝐴𝐶𝑉(𝜏) = ∫ 𝑓(𝑥 + 𝜏)𝑓(𝑥)𝑑𝑥∞−∞      ( 2-14) 
 
This function is also related to the PSD function 𝑓(𝑥) by: 
 
𝐴𝐶𝑉(𝜏) = ℑ𝑓−1[𝑃𝑆𝐷1𝐷(𝑓)](𝜏)     ( 2-15) 
 
Hence, knowing the PSD function of the surface, the autocorrelation 
function as well as the autocorrelation length 𝜏𝑐𝑙 can be calculated. PSD1D(f) 
is equal to [97]: 
 PSD1D(u) = 4∫ PSD2D(v) dv∞0       ( 2-16) 
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u is the spatial frequency, as mentioned before. Using Equation (2-12) 
we obtain: 





× A(B2u2+1)C2    ( 2-17) 
 
where 𝛤(x) represents the Gamma function. Using PSD1D(u) the 𝐴𝐶𝑉(𝜏) 
can be calculated as: 
 
𝐴𝐶𝑉(𝜏) = ℱ𝑓−1[𝑃𝑆𝐷1𝐷(𝑓)](𝜏) = � 𝑃𝑆𝐷1𝐷(𝑓) 𝑒𝑥𝑝(2𝜋𝑖𝑓𝜏)𝑑𝑓∞
−∞
  






















��   ( 2-18)  
 
Κy(x) represents the modified Bessel function of the second kind. In 
Chapter 4, the PSD functions of the AFM images are fitted with the 
assumption of 𝐶 = 2, which results in a reasonable fit to the PSD data. For 
the specific value of 𝐶 = 2 the functions 𝑃𝑆𝐷1𝐷(𝑢) and 𝐴𝐶𝑉(𝜏) have the 
following simple form: 
 
𝑃𝑆𝐷1𝐷(𝑢) = 𝐴𝐵2𝑢2+1      ( 2-19) 
 
𝐴𝐶𝑉(𝜏) =  2𝜋𝐴
𝐵2
 𝑒𝑥𝑝 (− 𝜏
𝜏𝑐𝑙
)      ( 2-20) 
 
Using the autocorrelation function of Equation ( 2-20), the 𝜏𝑐𝑙 of an AFM 
image is defined as the 𝜏 for which the 𝐴𝐶𝑉(𝜏) is equal to 1/𝑒 × 𝐴𝐶𝑉(0). This 




2-2 Scattering from randomly textured surfaces 
Due to increasing computer capacity, the Maxwell equations can now be 
rigorously solved for evaluation of the scattering properties. As a result, the 
Finite Difference Time Domain (FDTD) method [101, 102] or the Finite 
Elements Method (FEM) [103] have become very popular in recent years. 
Haase et al. [104] showed that optimum light trapping conditions for µc-Si:H 
are obtained for idealized 3-D periodic surfaces with a period of 0.7 to 1.2 µm. 
For texture-etched sputtered ZnO layers, Rockstuhl et al. [102] proved the 
validity of their FDTD calculations by comparing the scattered field with 
results of scanning near-field optical microscopy (SNOM) performed in air 
above the surface of the textured ZnO layer. In their study, it was also 
explained that the absorption in a-Si:H films deposited on rough layers of 
texture-etched sputtered ZnO is maximized near the edges of the craters 
present on the surface of the TCO [102]. The scattering structures are also 
compared using Rigorous coupled-wave analysis (RCWA) methods. Peters et 
al. [105] compared scattering from periodic and stochastic surface structures 
with similar geometrical features using RCWA and scalar scattering theory 
and showed a very good agreement between the scattering calculated with 
these two methods. Although the rigorous methods are considered reliable 
and accurate, the very high number of nodes required to capture the full 
complexity of a randomly textured surface still remains a challenge in 
application of these methods. Hence, the scalar scattering theory (SST) is still 
a very powerful method for estimation of the scattering properties of textured 
interfaces. Different models are developed for haze and ARS using SST and 
verified against the measured scattering properties or the rigorous methods. 
In the following sections, SST and the models developed to calculate haze 
and ARS are explained. 
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2-2-1 Scalar Scattering Theory (SST) 
Scattering at an interface can be separated into a specular part and a 
diffuse part. The distribution between these two parts is usually described by 
the scalar scattering theory. The specular part is normally treated coherently 
in all calculations. The propagation of the specular part is described as if it 
would take place in a device with flat interfaces. This part makes use of 
amplitudes and phase and gives rise to interference effects in thin layers. The 
diffuse part propagates incoherently (using intensities) and can be treated by 
much simpler ray optics. However, for diffuse radiation, knowledge of the 
ARS is required.  
Assuming homogeneous media (i.e. the dielectric function of the material 
is constant with position over the distance of the wavelength), the wave 
equation derived from the set of four Maxwell equations [106] can be written 
as:  
 
∇2𝐸(𝑟,𝜔) + 𝑘02𝜀(𝑟,𝜔)𝐸(𝑟,𝜔) = 0      ( 2-21) 
 
𝐸(𝑟,𝜔) is the electric field of the electromagnetic wave and 𝑘0 = 𝜔 𝑐0⁄  is the 
wavenumber where 𝑐0 = 1 �𝜀0𝜇0⁄  is the speed of light in vacuum. 𝜀 is the 
relative permittivity of the considered material and 𝜀0 and 𝜇0 are the 
permittivity and the permeability of free space, respectively. The Cartesian 
components of Equation ( 2-21) are not coupled, which allows to solve the 
equation separately for each Cartesian component (it is assumed that the 
system behaves similarly for all directions). Solving the equation for one 
Cartesian component gives a good insight in the general behaviour of the 
solution. Denoting this component 𝒰(r,ω), we obtain a scalar equation: 
 
∇2𝒰(𝑟,𝜔) + 𝑘02𝜀(𝑟,𝜔)𝒰(𝑟,𝜔) = 0      ( 2-22) 
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In Equation ( 2-22), 𝒰(𝑟,𝜔)is defined such that the normalized intensity 
ℐ(𝑟) = 𝐼(𝑟) 𝐼0⁄  at a position r, where 𝐼0 is the intensity of the incident ligtht, is 
given by: 
 
ℐ(𝑟) = 𝒰∗(𝑟,𝜔)𝒰(𝑟,𝜔)      ( 2-23) 
 
where * denotes the complex conjugate. 
 
Equation ( 2-22) is the fundamental equation of the scalar scattering theory. It 
should be kept in mind that the following two approximations were made in 
the derivation of Equation ( 2-22):  
1- The medium that scatters the light is linear, isotropic and non-
magnetic. 
2- The variations of the dielectric function 𝜀(𝑟) are so small over 
distances of the order of the wavelength that they can be neglected. 
In order to calculate the scattering characteristics using the scalar wave 
function of Equation ( 2-22), an optical disturbance is applied to a planar wave 
function. This optical disturbance is defined by an aperture in front of a plane 
wave assuming that the walls around the aperture completely block the plane 
wave [106].  
The simplest form of SST presents the reduction in the specular 
reflection (or transmission) in terms of roughness [107]. This reduction in the 
specular reflection or transmission defines the haze value. In order to 
calculate the haze value, the aperture is defined using a rough surface with a 
Gaussian height distribution probability density. The model is described in 
Section  2-2-2. This approach only considers scattering into small angles 
around the specular direction, using the paraxial approximation [107].  
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 In order to calculate the angular distribution of the scattered light, non-
paraxial approximations must be taken into account. Harvey [108] used 
Fourier treatment of the scalar field to calculate the diffracted field passing 
through an aperture. By applying the Fourier transform theory to the 
diffraction process, Harvey concludes that the diffracted wave field can be 
explained by two consistent approaches:  
- one approach describes the wave field as a superposition of plane 
wave components and  
- the other approach describes the wave field as a superposition of 
hemispherical wave components which corresponds to the impulse 
response approach in linear system theory.  
The convolution of the initial disturbance with the impulse response 
results in the Rayleigh-Sommerfeld (R-S) equation for near-field diffraction. 
Harvey rewrote the R-S equation in the form of the Fourier transform integral 
of a generalized pupil function. The pupil function is defined based on the 
phase variations in the diffracting aperture. Domine [50] used this method in 
his thesis to calculate the ARS of a textured TCO film. The model used by 
Domine is explained in Section  2-2-3. 
 
2-2-2 Haze models 
The haze value (𝐻) describes the fraction of light with wavelength λ that 
is scattered away from the specular direction after transmission/reflection at a 
rough interface: 
 
𝐻𝑇(𝜆) = 𝑇𝑑𝑖𝑓𝑓(𝜆)𝑇𝑡𝑜𝑡𝑎𝑙(𝜆)       ( 2-24) 
 
𝐻𝑅(𝜆) = 𝑅𝑑𝑖𝑓𝑓(𝜆)𝑅𝑡𝑜𝑡𝑎𝑙(𝜆)       ( 2-25) 
  
36 
 𝑇 and 𝑅 denote transmission and reflection, respectively. The subscript 
𝑑𝑖𝑓𝑓 denotes the diffusely transmitted/reflected light.  
In 1954, Davies presented a model for the reflection of electromagnetic 
waves at a rough surface using the probability function of the surface 
irregularities [109, 110]. The model was developed using the following 
assumptions: 
1- There is no shadowing for the incident radiation due to the 
irregularities of the textured surface. 
2- The surface is perfectly conducting and the surface currents are of 
the same magnitude as those set up in a plane reflector. 
3- The surface is only slightly rough, i.e. 𝜎𝑟𝑚𝑠/𝜆 ≪ 1, where 𝜎𝑟𝑚𝑠 is the 
root mean square roughness of the surface. 
4- The height distribution 𝑧 = ℎ(𝑥,𝑦) of the surface is Gaussian, i.e. the 
probability to find a height z is given by 
 




)      ( 2-26) 
 
5- The autocorrelation function of the surface irregularities is also 
Gaussian, with the standard deviation 𝜏𝑐𝑙 
 
〈ℎ(𝑥,𝑦)ℎ(𝑥′,𝑦′)〉 = 𝜎𝑟𝑚𝑠2 �− 1𝜏𝑐𝑙2 [(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2]�  ( 2-27) 
 
With these five assumptions, the reflected radiation can be written as: 
 
〈|𝒰|2〉 = 〈𝒰〉2 + 〈|𝒰 − 〈𝒰〉|2〉      ( 2-28) 
 
In other words, the reflected radiation is written as the sum of a coherent 
(specular) and an incoherent (diffuse) component. Davies showed that when 
a monochromatic wave with incident angle 𝜓 is reflected from a slightly rough 
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surface, the specular reflected wave will contain a fraction of the incident 




𝑐𝑜𝑠2𝜓� , where 𝜆 is the wavelength of the 
incident wave [110]. The expression demonstrates the reduction in the 
specular reflectance. In 1960, Bennett and Porteus used Davies’ formulation 
to calculate the diffuse part of the reflection. Considering normal incidence, he 
calculated the amount of diffuse light that falls into the range [0, Δθ] as [111]: 
 
∫ 𝑟(𝜃)𝑑𝜃Δ𝜃0 = 𝑅0 25𝜋4𝑚2 (𝜎𝑟𝑚𝑠 𝜆⁄ )4(Δ𝜃)2    ( 2-29) 
 
 In this equation 𝑟(𝜃)𝑑𝜃 refers to the fraction of the reflected light which is 
scattered into angles between 𝜃 and 𝜃 + 𝑑𝜃. 𝑚 is the rms slope which is 
equal to √2𝜎𝑟𝑚𝑠/𝜏𝑐𝑙. 𝑅0 is the reflection from a perfectly smooth surface. The 
drawback of the equation is that it only considers slightly rough surfaces with 
𝜎𝑟𝑚𝑠 ≪ 𝜆. 
In 1963, Beckman and Spizzichino [112] presented scattering in 
reflection from conductive randomly textured surfaces using a Helmholtz 
scalar integral with the appropriate Kirchhoff approximation. The theory is 
known as the Beckmann-Kirchhoff (B-K) theory. The important advantage of 
the B-K theory is that it is valid for any value of 𝜎𝑟𝑚𝑠 𝜆⁄ . However, it also has 
some limitations: 1) It only deals with scattering from perfectly conductive 
surfaces, 2) It does not consider multiple scattering and shadowing effects, 
3) It is only valid for large 𝜏𝑐𝑙 ≫ 𝜆, and 4) It is proposed for the most common 
case of the textured surface with Gaussian height distribution [50]. In 1979, 
Carniglia [107] reformulated the B-K theory by extending it to the case of 
transmission: 
 
𝑅𝑠𝑝𝑒𝑐𝑢𝑙𝑎𝑟(𝜆) = 𝑅0𝑒𝑥𝑝 �− �4𝜋𝑛𝜎𝑟𝑚𝑠𝜆 �2�     ( 2-30) 
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𝑇𝑠𝑝𝑒𝑐𝑢𝑙𝑎𝑟(𝜆) = 𝑇0𝑒𝑥𝑝 �−�2𝜋(𝑛1−𝑛2)𝜎𝑟𝑚𝑠𝜆 �2�    ( 2-31) 
 
𝑅0 and 𝑇0 are the reflectance and transmittance of a perfectly smooth 
surface and 𝑛 is the refractive index of the material. Zeman et al. assumed 
that the total reflectance and transmittance of a rough surface are equivalent 
to the reflectance and transmittance of a perfectly flat surface of the same 
material [57]: 
 
𝑇𝑡𝑜𝑡𝑎𝑙(𝜆) ≡ 𝑇0(𝜆) and 𝑅𝑡𝑜𝑡𝑎𝑙(𝜆) ≡ 𝑅0(𝜆)    ( 2-32)  
 
Therefore they could calculate the diffuse reflectance and transmittance 
with: 
 
𝑇𝑑𝑖𝑓𝑓(𝜆) = 𝑇0(𝜆) − 𝑇𝑠𝑝𝑒𝑐𝑢𝑙𝑎𝑟(𝜆)     ( 2-33)  
 
𝑅𝑑𝑖𝑓𝑓(𝜆) = 𝑅0(𝜆) − 𝑅𝑠𝑝𝑒𝑐𝑢𝑙𝑎𝑟(𝜆)     ( 2-34)  
 
The equations predicting the haze value were initially developed for haze 






 for normal angle of incidence [57]. Hence 
haze in transmission 𝐻𝑇 and haze in reflection 𝐻𝑅 are defined as: 
 
𝐻𝑇(𝜆) = 1 − 𝑒𝑥𝑝 �−�2𝜋(𝑛1−𝑛2)𝜎𝑟𝑚𝑠𝜆 �2�    ( 2-35) 
 
𝐻𝑅(𝜆) = 1 − 𝑒𝑥𝑝 �− �4𝜋𝑛2𝜎𝑟𝑚𝑠𝜆 �2�     ( 2-36) 
 
𝐻𝑇 is the haze in transmission, n1 and n2 are the refractive indices of the 
two media on either side of the scattering interface, and λ is the light 
wavelength in vacuum. The equation was derived based on the scalar 
scattering theory for small scattering angles where the paraxial approximation 
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is valid, and it is based on the assumption that the 𝜏𝑐𝑙 is much larger than the 
root mean square roughness of the surface (𝜎𝑟𝑚𝑠), i.e. 𝜎𝑟𝑚𝑠 𝜏𝑐𝑙⁄ ≪ 1. Multiple 
scattering is also not considered in this equation. As a result, there is always 
a deviation between the measured haze value and the one calculated from 
Equations ( 2-35) and ( 2-36), which is widely used for scattering in thin-film 
solar cells [54, 57, 113, 114]. However, it shows differences for textured 
TCOs even with moderately high 𝜎𝑟𝑚𝑠 𝜏𝑐𝑙⁄  ratios [50]. Although in principle the 
equation is derived based on the assumption that the paraxial approximation 
is valid, it has been mentioned [50] that the scalar scattering theory is also 
valid outside the paraxial approximation. 
Equations ( 2-35) and ( 2-36) are widely used for haze calculations for 
thin-film solar cells [54, 57, 78, 113, 114]. One of the major drawbacks of 
these equations is that the only morphological characteristic that defines the 
haze is the height distribution (assumed to be a normal Gaussian 
distribution). The lateral feature size is not considered. However, the 𝜏𝑐𝑙 of the 
surface, which is a measure for the lateral feature size, is one of the important 
factors that affect haze, especially at short wavelengths. Porteus [115] 
showed that the incoherent reflection (or transmission) is significant where 𝜏𝑐𝑙 
becomes comparable to the wavelength λ.  
The other major drawback of the haze Equations ( 2-35) and ( 2-36) is 
related to the fact that the equation does not exactly calculate the diffuse light 
that is measured in the experimental methods. Haze is usually measured 
using an integrating sphere. Figure  2-1 shows the measurement setup of the 
diffuse transmitted light using an integrating sphere. As can be seen, the 
diffuse transmission is measured by opening a port in front of the specular 
transmission. Hence the light measured by the integrating sphere will be the 
diffuse transmission. However the haze Equation ( 2-35) does not consider the 
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amount of diffuse transmission that escapes from the opening port. Simonsen 
et al. [116] discussed that in all the above approximations, haze is calculated 
as Equation ( 2-37) i.e. direct transmission is equal to coherent transmission. 
  𝐻𝑇 =  1 −  𝑇𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡𝑇𝑡𝑜𝑡𝑎𝑙        ( 2-37) 
 
However, as can be seen from Figure  2-1, depending on the opening 
angle of the haze measurement, there is always some incoherently trans-
mitted light which falls into the directly transmitted light and thus escapes from 
the integrating sphere [116]. It was also shown in other works that abnormal 
height distributions (with deviations from Gaussian distributions) show a 
different haze vs. wavelength behaviour. For those cases, the standard haze 
equations (Equations ( 2-35) and ( 2-36)) do not correctly predict the values for 
short wavelengths and large 𝜏𝑐𝑙 [115]. 
 
Figure  2-1 Schematic drawing illustrating a haze measurement setup with an 
integrating sphere. The opening angle of the haze measurement is 2∆θ. 
Coherent transmission and part of the incoherent transmission falls within the 
cone of the opening angle. 
Another drawback of the haze equation ( 2-37) is that the height of the 
scattering surface is assumed to follow a normal distribution, which often is 
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not the case. While the haze equations are assuming a normal Gaussian 
height distribution of the randomly rough scattering interface, there have been 
other attempts to analytically calculate or estimate the haze value in case of 
non-Gaussian height distributions [93, 117-120]. For the case of a non-
Gaussian height distribution at the sample surface, it was shown that the 
assumption of a Gaussian distribution results in an overestimation of the haze 
value [93]. This effect is particularly severe for large σrms values (σ/λ ≈ ¼).  
Harvey et al. [92] also suggested the same in their work. They showed 
that mid-range spatial frequencies of the PSD function contribute to small-
angle scattering. The PSD function is the frequency spectrum of the surface 
roughness measured in inverse length. It gives information about the surface 
spatial frequencies that produce scattered light. The PSD can be understood 
as follows: Looking at a rough surface that is flat on average but has many 
local irregularities, the surface profile as a continuous function can be 
represented by an infinite series of sine waves having different amplitudes, 
periods (spatial frequencies) and phases. The coefficient of the different 
frequency components in the Fourier transform of such a continuous surface 
shows the amplitude of each sine wave. The PSD function is the square of 
the Fourier transform of the surface profile. However, in case of the measured 
profile data, we typically deal with a discrete set of equally spaced (∆x) points 
rather than a continuous function. The AFM image length (L) is also finite, not 
infinite. So in this case I use finite-length Fourier series to present the PSD 
function. As a result, this function is a band limited function and it is defined 




� [95].  
 In Chapter 4, the above method of calculating haze and their 
limitations are explained using experimental data. Then the author proposes a 
method based on the developed theories to eliminate the above explained 
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limitations. Subsequently, the calculated haze is validated using the 
measured haze value. It is shown that our method accurately predicts the 
transmission haze at the textured glass/air interface for all AIT glass samples 
investigated in this study. AIT samples are good systems for evaluating the 
haze equations because glass is non-absorbing within the wavelength region 
of our interest and there is no extra interface before the textured interface 
(like in the case of a textured TCO film on a planar glass sheet). Sub-
sequently, I use the formulation to predict optimum morphology criteria for the 
maximum scattering of the AIT samples for a-Si:H solar cells. Furthermore, 
with a special look on the scattering region suitable for a-Si:H solar cells, I 
also investigate how different morphologies of AIT glass sheets promote 
different light scattering characteristics. For this purpose I introduce four 
different AIT textures and evaluate their light scattering properties in the red 
region of the visible spectrum. 
 
2-2-3 Angularly resolved scattering (ARS) models 
As explained in Section  2-2-2, the haze equation proposed by Carniglia 
[107] is restricted to small slopes i.e. 𝜎𝑟𝑚𝑠 𝜏𝑐𝑙⁄ ≪ 1. The restriction to small 
slopes discards the problem of the variation of the reflectance with variations 
of the local angle of incidence on the surface. Moreover, Carniglia only 
considered directions lying close to the axis of the specular direction, making 
a small angle with this axis. Note that within this restriction, the paraxial 
approximation is valid. Since Carniglia limited his calculations to small angles 
of scattering, he could only propose expressions for the haze in reflection and 
in transmission [107], and not the angular distribution of the scattered light.  
In order to model the angularly resolved scattering (ARS), Domine [50, 
89, 121] has used SST following the explanation by Harvey [108, 122] on the 
validity of SST outside paraxial approximation. The main idea presented by 
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Harvey [108, 122] is that, if we consider radiance, the use of the transfer 
function approach of linear systems theory is still possible in the case of non-
paraxial diffraction. Fourier transforms and convolutions are familiar in the 
framework of the paraxial approximation of image formation systems. This 
gives a powerful insight in the phenomenon of diffraction even under large 
angles. Harvey’s method regenerates the general Rayleigh-Sommerfeld (R-S) 
diffraction formula for near-field diffraction [108]. He then rewrites the R-S 
formula in the form of the Fourier transform integral of a generalized pupil 
function. The pupil function is defined based on the phase variations in the 
diffracting aperture [108, 122].  
In his thesis, Domine used the general Rayleigh-Sommerfeld diffraction 
formula for the problem of diffraction by an arbitrary screen (aperture) [50]. In 
order to explain the problem, let’s assume that light is a plane wave 
approaching the textured interface. This plane wave will experience different 
phase changes at 𝑥1 and 𝑥2 based on the difference in the distance it travels 
in the medium 1 and 2 (Figure  2-2).  
 
Figure  2-2 Schematic drawing of a textured interface and the phase change. 
The phase change for a one-dimensional roughness is calculated using: 
∆𝜑 = 2𝜋
𝜆
ℎ(𝑥)𝑛1 + 2𝜋𝜆 �𝐿 − ℎ(𝑥)�𝑛2 = 2𝜋𝜆 ℎ(𝑥)(𝑛1 − 𝑛2) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  ( 2-38) 
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𝑛1 and 𝑛2 are the refractive indices of the media. L can be taken as 
ℎ𝑚𝑎𝑥 − ℎ𝑚𝑖𝑛. In the model explained by Domine [50], the field amplitude at the 
place of an observer behind the screen is given by the Fourier transform of 
the aperture function U0. The aperture function is built based on the phase 
changes that the plane wave experience while passing through the textured 
interface. The model uses the "thin element approach" of Fourier optics and 
basically replaces the whole roughness zone by an element of zero thickness 
that just changes the phase. This is done by putting the phase change given 
above into the following definition of the aperture function. 
 
𝑈0 = 𝑇𝑒𝑥𝑝(𝑖Δ𝜑)        ( 2-39) 
 
where 𝑇 is the transmission through the interface. Based on Harvey [108, 
122], Fourier transformation of this aperture function yields a quantity called 




|ℑ{𝑈0(𝑥�,𝑦�; 0)}|2     ( 2-40) 
 
where ℒ is the diffracted radiance, 𝛼,𝛽 are the direction cosines in the x-y 
plane, 𝐴𝑠 is the area of the diffracting aperture, ℑ denotes the Fourier 
transform, and 𝑈0(𝑥�,𝑦�; 0) denotes the aperture function. The radiance 
predicts finite amplitudes for grazing incidence and even for scattering angles 
greater than 90°. Scattering to angles greater than 90° represents evanescent 
modes that cannot propagate because their wave vectors are imaginary [89, 
121]. The equations are usually solved in direction cosine space because the 
evanescent modes are simply distinguished by coordinates greater than unity, 
and because of a particularly easy way of shifting the contribution of non-
perpendicular incidence. Measurable intensities are obtained by cutting off at 
90° and an additional multiplication with a factor of cos θ.  
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2-3 Two-diode model for electrical properties of solar cells 
The I-V curve of a thin-film silicon solar cell can generally be described 
by a one-diode model. However, in case non-ohmic contact resistances (for 
example at the TCO/p interface or at the tunnel recombination junction) or 
different recombination mechanisms are present in the device (non-
illuminated the I-V curve) the one-diode model can be expanded by adding 
another diode. This model is called two-diode model and described by:  
 
𝐽 = 𝐽𝑔𝑒𝑛 − 𝐽01 �𝑒𝑥𝑝 �𝑞(𝑉 + 𝐽𝑅𝑠)𝑘𝑇 � − 1� − 𝐽02 �𝑒𝑥𝑝 �𝑞(𝑉 + 𝐽𝑅𝑠)2𝑘𝑇 � − 1� − 𝑉 + 𝐽𝑅𝑠𝑅𝑠ℎ ,  
         ( 2-41) 
In the circuit, two diodes D1 and D2 as well as a shunt resistance are 
connected in parallel (𝑅𝑠ℎ) and another resistance is connected in series (𝑅𝑠), 
as shown in the equivalent circuit given in Figure  2-3. When the solar cell is 
illuminated, the equivalent circuit can be supplemented by a constant current 
source providing the photo current 𝐽𝑔𝑒𝑛. 
 
Figure  2-3 Equivalent circuit of 2-diode model of a solar cell. 
For the cells in this study, 𝑅𝑠ℎ is mainly affected by the laser-structuring 
of the cells. A common problem is, for example, metal particles remaining in 
the laser scribed line, which is known as “flaking”. 𝑅𝑠 is mainly dominated by 
the sheet resistance of the TCO and the cell interconnection [27]. Other 
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origins of high series resistance can be the TCO/p-contact [123], the tunnel 
recombination junction in tandem cells [124, 125] and the back contact [126].  
In addition, two other valuable parameters that can be extracted from the 
illuminated I-V curve are the differential resistances at short circuit (𝑅𝑠𝑐) and 
at open circuit (𝑅𝑜𝑐) conditions,  
 




 𝑅𝑜𝑐 = �𝜕𝐽𝜕𝑉 |𝐽 = 0�−1        ( 2-43) 
 
 𝑅𝑠𝑐  correlates strongly with the 𝑅𝑠ℎ . Furthermore, 𝑅𝑜𝑐  correlates with the 
series resistance, 𝑅𝑠. Here in this thesis, two diode model is used for levelling 
out the influence of the shunt and series resistance in chapter 6. 
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Chapter 3 Methodology 
 
In this chapter the methodology of the studies presented in different 
chapters is presented. The chapter is divided into two parts: experimental 
methods and simulation methodology. In Section  3-1, both the fabrication of 
the samples and measurement methods are described. In Section  3-2, the 
simulation methodology for modelling the scattering properties into the 
absorber material is described. In addition, a short introduction to the ASA 
software, which is used to model the absorption in thin-film a-Si:H solar cells, 
is given.  
3-1 Experimental methods 
Texturing the glass is a technique by which significant light trapping can 
be realized in the solar cell structure (see Ref. [29], p. 469). In this section, 
the fabrication process as well as the characterization methods of the 
randomly textured superstrates used in this thesis are explained. The solar 
cell fabrication process is described and the methods for evaluating 
absorption enhancement are elaborated. 
  
3-1-1 Randomly textured superstrates 
3-1-1-1 Aluminium induced textured (AIT) glass  
In this study the aluminium-induced texture (AIT) method [84, 127, 128] is 
used for texturing glass samples which are utilized as textured superstrates 
for solar cell structures. The AIT method was developed in the early 2000s by 
Aberle et alia [84]. Figure  3-1 schematically shows the AIT process sequence. 
In this method a thin sacrificial aluminium film is deposited onto a planar glass 
sheet by evaporation or sputtering, see Figure  3-1(a).  
48 
 
Figure  3-1 Schematic sequence of the AIT process (not to scale). 
 
By annealing the sample at an intermediate temperature (~600°C) in an 
inert atmosphere, a redox reaction initiates whereby aluminium is oxidized to 
Al2O3 and SiO2 reduced to silicon, see Figure  3-1(b) [29, 64]:  
 
𝐴𝑙 + 𝑆𝑖𝑂2 → 𝐴𝑙2𝑂3 + 𝑆𝑖     ( 3-1) 
 
The annealing temperature is above the eutectic temperature of the Al-Si 
system. The annealing time is approximately 120 minutes [85]. The textured 
surface is formed on the glass due to the nucleation events during this 
annealing [129]. Subsequent wet-chemical etching in a HF:HNO3 etch 
solution (1:1 ratio) removes the reaction products from the glass surface and 
reveals the glass texture, see Figure  3-1(c). The HF and HNO3 acids had 
concentrations of 49 wt% and 70 wt%, respectively. 
The soda-lime glass sheets used in Chapter 5 (Section  5-1) are 3 mm 
thick. The AIT process was carried out by sputtering a thin (100 nm) layer of 
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aluminium onto one surface of the glass sheets. The aluminium reacted with 
glass at a temperature of around 600°C. The reaction products were then 
etched off in a solution containing hydrofluoric acid and nitric acid. The 
textured glass samples were then rinsed in water and dried. The surface of 
this AIT glass consists of features with lateral feature sizes of at least 1 µm. 
In all the other parts of the thesis (i.e. other than Section  5-1), borosilicate 
glass sheets were used, whereby their thickness was 0.8 mm. Four AIT 
samples with different lateral feature sizes and surface roughness are 
selected to show the scattering properties, as well as the performance, of 
a-Si:H solar cells on AIT glass superstrates. The corresponding AIT glass 
samples are named AIT-1 to AIT-4. The numbering correlates with increasing 
roughness and decreasing autocorrelation length. Roughness and auto-
correlation length of the samples are provided in Chapter 4, Section  4-2. 
Table  3-1 shows the sample preparation conditions. The AIT process was 
carried out by sputtering different thicknesses of aluminium layers at room 
temperature onto one side of a glass sheets. An aluminium-glass reaction 
was then realised by heating the sample to a high temperature of around 
600°C for about 120 minutes. The reaction products were then etched off in a 
solution containing hydrofluoric acid and nitric acid. The etching time is 
provided in Table  3-1. We can see that the smaller Al thickness is correlated 
with smaller lateral feature size. It can also be seen that an increasing etching 
time increases the lateral feature size and reduces the roughness. For more 
details on the effect of process parameters on the properties of AIT glass 
please refer to the work of Wang et al. [87]. Useful information on AIT process 
optimization can be found in Chapter 4, Section 4.2.2 of Hongtao Cui’s PhD 
thesis [130]. 
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Table  3-1 Sample preparation conditions 
Sample code Al thickness (nm) Etching time (s) 
AIT-1 60 15 
AIT-2 60 10 
AIT-3 30 10 
AIT-4 30 5 
 
3-1-1-2 Textured superstrates for a-Si:H solar cells 
In order to make superstrates for a-Si:H solar cells, aluminium doped 
ZnO (AZO) was deposited on the AIT glass samples as a front electrode of 
the a-Si:H solar cell in superstrate configuration. For deposition condition 
please refer to reference [48]. The AIT glass with non-etched AZO layer is 
called “AIT superstrate” in this thesis. Figure  3-2 shows the schematic 
drawing of the superstrates. Additionally, AZO deposition was performed on 
two planar glass samples (reference superstrates). The front electrode of one 
of the reference samples (T-Ref) is etched in HCl (0.5%) solution for 20 
seconds. This sample is called “textured AZO superstrate” or T-Ref through-
out the thesis. The other reference sample consists of planar glass coated 
with non-etched AZO. This sample is called “planar superstrate” or P-Ref. 
The scattering properties of the samples are investigated before and after 
AZO deposition and presented in Chapter 4 (Sections  4-3 and  4-4). An a-Si:H 
solar cell is also deposited on these superstrates and the performance of the 
cells are presented in Chapters 5 and 6. 
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Figure  3-2 Schematic of different randomly textured superstrates (not to 
scale). 
Furthermore, an additional AZO etching step is performed on half of the 
AIT superstrates to fabricate “double-textured superstrates”. The etching 
process is the same as for the textured AZO superstrate. Double-texturing is 
known to broaden the wavelength range of the scattering. The scattering 
properties of the double-textured superstrate are investigated in Chapter 4 
(Sections  4-3-4 and  4-4-2-3). The optical absorption enhancement of a-Si:H 
solar cells deposited onto these double-textured superstrates is presented in 
Chapter 5 (Section  5-2-3). Unfortunately, these solar cells suffered from 
severe shunting issues due to high roughness of the superstrates. Hence, 
their device properties are not provided in the thesis, as they are inconclusive.  
In order to investigate the effect of light scattering on device performance 
for double-textured superstrates, micromorph solar cells were deposited on 
the four different superstrates:  
1- a planar superstrate (planar glass/un-etched AZO) 
2- a textured AZO superstrate (planar glass/etched AZO) 
3- an AIT superstrate (AIT glass/un-etched AZO) and  
4- a double-textured superstrate (AIT glass/etched AZO). 
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The AZO deposition process of all these four superstrates is performed in the 
same run. The AZO etching process is performed in HCl solution (0.5%) for 
20 seconds (samples 2 and 4 above). The AIT glass of samples 3 and 4 is cut 
from the same 30 cm × 40 cm AIT glass sheet. The scattering properties of 
these samples are not presented in this thesis as the general differences of 
different textured superstrates are extensively discussed in Chapter 4 and the 
additional data on these samples would be merely a repetition. However, the 
optical absorption enhancement and device performance of the micromorph 
cell on these superstrates are presented in Chapter 5 (Section  5-3) and 
Chapter 6 (Section  6-3), respectively. 
 
3-1-1-3 Characterization of surface morphology and light scattering 
In this section the different characterization methods used for evaluation 
of surface morphology and light scattering of textured superstrates are 
described. The scattering properties of textured superstrates can only be 
measured into air. It is therefore necessary to simulate the corresponding 
scattering properties into the absorber in order to evaluate the scattering 
potential and correlate these properties to solar cell performance. The 
simulation methodology is provided in Section  3-2. 
 
3-1-1-3-1 Atomic force microscopy (AFM) 
Atomic force microscope (AFM) images of all superstrates are measured 
using an AFM (model DAFM-AM) from Digital Instruments. The measured 
image sizes are 10 µm × 10 µm, 20 µm × 20 µm and 30 µm × 30 µm. Only the 
10 µm × 10 µm images are presented in Chapter 4 for illustration purposes. 
All images are measured in the tapping mode at a scan rate of 0.5 Hz and a 
field size of 512 × 512 pixels (see Figure  4-4 for selected AFM images). 
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The root mean square roughnesses 𝜎𝑟𝑚𝑠 of the samples are calculated 
using the AFM images and presented in Chapter 4. The evaluation of this 
parameter is important, since large roughnesses (more than 80 nm for a-Si:H 
solar cells based on this study) can lead to shunting issues in thin-film solar 
cells. The PSD functions of the AFM images are also used for quantitative 
comparison of the superstrates. It is important to measure larger images in 
order to have a better accuracy in low spatial frequency components of the 
PSD function of the image. The smallest spatial frequency is defined by: 
𝑓𝑚𝑖𝑛 = 2𝐿        ( 3-2) 




Haze in transmission is measured for all the superstrates and used for 
validating the proposed haze model. Total transmittance 𝑇𝑡𝑜𝑡 and diffuse 
transmittance 𝑇𝑑𝑖𝑓𝑓 of the samples in this thesis are measured after AZO 
deposition using a spectrophotometer (PerkinElmer, model Lambda 950, 
UV/Vis/NIR) with an integrating sphere (diameter 150 mm), using a double-
beam method as explained in Ref. [131]. Figure  3-3 shows a schematic 






Figure  3-3 Schematic drawing of haze measurements with an integrating 
sphere.  
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The total transmittance spectrum is measured by illuminating the sample 
with different wavelengths; see Figure  3-3(a). The diffuse transmittance was 
measured by opening the back at the rear of the integrating sphere and 
thereby letting the non-scattered transmitted light escape from the integrating 
sphere, see Figure  3-3(b). The diameter of the opening port is 20 mm. The 
haze value of each structure was calculated using: 
 
 𝐻(𝜆) = 𝑇𝑑𝑖𝑓𝑓(𝜆)
𝑇𝑡𝑜𝑡𝑎𝑙(𝜆) × 100       ( 3-3) 
 
𝐻(𝜆), 𝑇𝑑𝑖𝑓𝑓(𝜆)R and 𝑇𝑡𝑜𝑡𝑎𝑙(𝜆) are the haze value, the diffuse transmittance 
and the total transmittance, respectively. The haze values are presented in 
Chapter 4, Section  4-4. 
 
3-1-1-3-3 Angular resolved scattering (ARS) 
Angularly resolved scattering (ARS) is the power scattered into a small 
solid angle normalized to that solid angle and the incident power. Angularly 
resolved scattering (ARS) is related to the bidirectional transmittance 
distribution function (BTDF) via  
 
ARS = BTDF * cos(𝜃𝑠)      ( 3-4) 
 
ARS is measured using a goniophotometer (model pgII from pab 
advanced technologies GmbH). Figure  3-4 shows a schematic illustration of 
the measurement setup. 
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Figure  3-4 Schematic drawing of the pgII goniophotometer (side view) [132]. 
The pgII goniophotometer measures the reflected or transmitted light 
from a sample with one detector that is mechanically moved around the 
sample. The instrument has two subsystems: Stator and Rotor. In subsystem 
Rotor (shown in blue colour in Figure  3-4), Arm-A rotates around the sample 
on a plane parallel to the floor. Arm-B rotates vertically at the junction with 
Arm-A. The angular coverage of the sphere around the sample is optimised, 
making nearly all outgoing directions from the sample accessible to the 
detector.  
Both sample and the lamp system are mounted at the subsystem Stator 
which does not move, shown in orange colour in Figure  3-4. The light beam 
travels from the lamp to the sample. Two different light sources are used for 
ARS measurements: i) a Xenon lamp with IR filter and ii) a Xenon lamp with 
IR filter and band-pass filter for the wavelength of 620 nm. The band-width of 
the filter is ~10 nm. Although the filtered light is not monochromatic, it is a 
good estimate for validating the calculated ARS, because the ARS value does 
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not vary abruptly within the wavelength region. The ARS measurements are 
presented in Chapter 4, Section  4-3. The Xenon lamp can show the general 
scattering behaviour of a textured sample. The IR filter is used in this study to 
avoid the contributions of the high intensity peaks of the Xenon lamp in the IR 
region. However, this scattering behaviour is weighted with the Xenon lamp 
spectrum. The filtered light with the band-pass filter for the wavelength of 620 
nm is used to show the scattering behaviour at this wavelength. This wave-
length is chosen as it represents the wavelength region in which the 
absorption coefficient of a-Si:H drops dramatically and light scattering 
becomes important to enhance absorption. This measurement is also used to 
validate the ASR model presented by Domine [50] for AIT glass superstrates. 
 
3-1-2 a-Si:H layers and solar cell precursors 
3-1-2-1 Plasma-enhanced chemical vapour deposition process 
(PECVD) 
Plasma-enhanced chemical vapour deposition (PECVD) is the standard 
method for the deposition of a-Si:H and µc-Si:H layers. Figure  3-5 shows an 
illustration of a capacitively coupled parallel-plate PECVD reactor, which was 
used for the solar cell depositions of this thesis. The deposition tool used for 
solar cell fabrication is model AKT1600 from Applied Materials. The plasma 
excitation frequency used for all depositions was 13.56 MHz, which is an 
industrial standard frequency. The AKT1600 has three deposition chambers 
(A, B and D) that are used for deposition of different layers to avoid cross 
contamination and to increase the throughput. The top electrode which 
functions as the gas inlet (shower head design) is connected to an RF 
generator. The samples are placed on a susceptor that is grounded and 
functions as the counter electrode. The top electrode has an area of 2500 
cm2 and the susceptor an area of 1600 cm2. The susceptor can be moved 
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vertically by means of an elevator for the transport of the substrates as well 
as to adjust the electrode distance and the plasma reactor volume to the 
desired size. Typical substrate temperatures for the deposition of a-Si:H in a 
PECVD reactor, which are achieved through heaters placed underneath the 
susceptor are in the 185 - 220 °C range. The pressure is set using a valve 
system in between the chamber and the exhaust pump. There are many 
literature reports describing the effect of different PECVD parameters on the 
material quality [40, 45, 133-137] and cell optimization processes [45, 138].  
 The precursor gas supply is also indicated in Figure  3-5. Silane (SiH4) 
and hydrogen (H2) are used for the deposition of a-Si:H and µc-Si:H intrinsic 
layers. For the doped layers, additionally the dopant sources PH3 and 
trimethylborane (TMB, C3H9B) are used. The oxygen and carbon alloyed 
wide-bandgap materials are deposited by adding CO2 and CH4 into the gas 
phase. Nitrogen trifluoride (NF3) together with argon is used for the cleaning 
of the chambers, using an ion assisted etch plasma. The base pressure is 
below 10 Pa and typical deposition pressures are in the 100 - 200 Pa range. 
 
 
Figure  3-5 Schematic view of a PECVD deposition chamber [46]. 
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3-1-2-2 Structure of the test samples 
A schematic of a single-junction solar cell was shown in Figure  3-6. As 
shown, solar cell structure consists of different thin-film layers. A layer-by-
layer study is performed, enabling the determination of the optical properties 
of complete a-Si:H p-i-n precursor structures as well as their building blocks. 
In order to comprehensively study the effect of AIT glass texture on the 
absorptance of amorphous silicon thin-film solar cells, experiments were 
performed to investigate the optical absorptance of single intrinsic a-Si:H films 
as well as p-i-n a-Si:H solar cell precursors on glass sheets. For comparison, 
the same experiments were also performed on planar glass sheets. The haze 
value of the used AIT glass sheets was about 50 % at λ = 600 nm. Although 
the autocorrelation length of the AIT sample is large (~2.5 µm), the large haze 
value resulted from the large 𝜎𝑟𝑚𝑠 = 128 nm .  
 
 
Figure  3-6 Schematic drawing of an a-Si:H single-junction solar cell on a 
planar glass (not to scale). 
Two sets of experiments were performed in this work. In the first set, an 
intrinsic a-Si:H film with two thicknesses (115 and 270 nm) was deposited 
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onto planar glass and AIT glass. The resulting sample structure using the 
textured glass sheet is shown in Figure  3-7(a). In the second set of 
experiments, a TCO/p-i-n/TCO solar cell precursor was deposited onto planar 
and AIT glass sheets. The resulting sample structure for the textured glass 
sheet is shown in Figure  3-7(b). The absorptance of the structure is measured 
after deposition of each layer. The results are presented in Chapter 5, 
Section  5-1. Both TCOs (front and rear) consist of aluminium-doped zinc 
oxide (AZO). No back surface reflector was deposited, leading to the 
transmission of some long-wavelength light (see Figure  3-7(b)).  
The AZO films were deposited by magnetron sputtering. The thickness of 
the front AZO film on the planar glass sheet was 900 nm, as measured with a 
spectroscopic ellipsometer (Sopra, GES 5E, Forouhi-Bloomer model). The 
thickness of the rear AZO film was about 100 nm, as calculated from the 
deposition rate of the front AZO film. As this study investigates the effects of 
the AIT texture on the absorptance of the a-Si:H thin-film solar cell 
precursors, no wet-chemical post-deposition AZO texturing step was applied 
in these experiments. The single-junction p-i-n a-Si:H structure was deposited 
by PECVD. The thicknesses of the p and n layers were measured by fitting of 
ellipsometric data (Tauc-Lorentz model), giving 25 and 20 nm, respectively. 




Figure  3-7 Schematic sketch of the investigated structures on textured glass 
(not to scale). a) a-Si:H layer on AIT glass, b) solar cell precursor on AIT 
glass. 
 
3-1-2-3 Characterization of thin-film absorptance 
Total transmittance, diffuse transmittance, and total reflectance were 
measured using a spectrophotometer with integrating sphere. The diffuse 
transmittance was measured by opening a port at the rear of the integrating 
sphere and thereby letting the non-scattered transmitted light escape from the 
integrating sphere. The total absorptance of the sample was calculated using 
Equation  3-5. 
 
 Atotal(λ)  =  1 –  Ttotal(λ) – Rtotal(λ),     ( 3-5) 
 
where A, T and R are the absorptance, transmittance and reflectance, 
respectively.  
Since the absorptance A of the presented solar cell precursor represents 
the absorptance in the entire structure (i.e., not only in the intrinsic layer), it is 
not possible to calculate short-circuit current enhancement for this structure 
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using the total absorptance (i.e. there is no way to quantify the contribution of 
parasitic absorption to the total absorptance value). In order to compare the 
absorptance of different samples under solar illumination, a (solar spectrum) 














 ,      ( 3-6) 
 
where A(λ) and λ are the absorptance and wavelength, respectively. The 
weighting function Φ(λ) represents the photon flux of the solar spectral 
irradiance (AM1.5G spectrum [139]) within the wavelength range dλ. The 









=Φ  ,      ( 3-7) 
 
where AM1.5G is the spectral irradiance of the global solar spectrum at the 
Earth’s surface (sea level) and Ephoton is the photon energy at wavelength λ. 
This weighting function is applied to ensure that the photon count distribution 
of the desired solar spectrum is considered. Using this weighting function, Aw 
defines the fraction of photons that is absorbed in the structure with respect to 
the total number of photons available in the wavelength region. In this work, Aw was calculated by integrating over the wavelength range of 400-800 nm. 
This wavelength range was chosen to avoid the influence of the optical 
absorption of the glass superstrate as well as the TCO layer at short wave-
lengths. This also reduces the contribution of the parasitic absorptance of the 
p-layer in the short-wavelength region. In addition, the chosen wavelength 
range includes the region in which the absorption coefficient of a-Si:H drama-
tically decreases, in order to clearly show the optical absorption enhancement 
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induced by the textured surface. The current equivalent to total number of 
photons of AM1.5 at wavelength region of 400-800 nm is 𝐼𝐴𝑀1.5400−800 =25966 𝑚𝐴/𝑐𝑚2. Hence, the equivalent current of absorbed photons is equal 
to Aw × 𝐼𝐴𝑀1.5400−800.  
This study was designed to present a general understanding of the 
absorption enhancement in different layers of the solar cell structure. 
However in order to evaluate the short-circuit current enhancement due to 
scattering, solar cell devices are fabricated on differently textured super-
strates. The next section provides experimental details on device fabrication 
and characterization. 
 
3-1-3 a-Si:H solar cells and micromorph solar cell 
3-1-3-1 Structure of the test samples 
In order to evaluate the short-circuit current enhancement due to 
scattering from different textured superstrates, a-Si:H solar cells were 
deposited on the superstrates that were presented in Section  3-1-1. In 
addition to single-junction a-Si:H solar cells, micromorph cells were also 
deposited on the superstrates (Superstrates were introduced in Section  3-1-1-
2). The corresponding results are presented in Chapter 5 and 6 in order to 
show light absorption enhancement in the long wavelength range (λ > 700 
nm) for micromorph solar cells deposited on double-textured superstrates. 
The solar cells presented in this thesis were fabricated in PVcomB - 
Kompetenzzentrum Dünnschicht- und Nanotechnologie für Photovoltaik. Both 
the a-Si:H and micromorph solar cells were fabricated using the standard 
recipe which was optimized for best performance on texture-etched AZO 
superstrates. As a result, the textured AZO superstrate is taken as a 
reference to evaluate the short-circuit current enhancement of the solar cells 
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deposited on other textured superstrates. All the solar cells with similar 
structures were deposited in the same deposition run. Optimization of the 
solar cell is important for new textured superstrates with different surface 
morphology. However, in this thesis no further optimizations were undertaken, 
as only scattering properties of the textured superstrates were to be investi-
gated and compared among each other. 
In the baseline process at PVcomB, the amorphous p and i layers were 
deposited in the same chamber [140]. The superstrate temperatures were 
kept between 190 - 220 °C. All n layers were deposited in a second chamber 
at a substrate temperature of 185°C. The µc-Si:H i-layer was deposited in a 
third chamber at 190°C. Prior to the solar cell depositions, the chambers were 
thoroughly cleaned by Ar/NF3 plasma etching to avoid cross contamination. 
After the cleaning, a deposition was run without the sample for 5 min (also 
known as “conditioning”) to assure reproducibility. The conditioning step was 
performed because of the partial etching of the chamber walls that always 
occurs during the PECVD process to some extent. Since the plasma 
composition and the film growth are affected by the material etched from the 
wall, a corresponding doped or intrinsic a-Si:H or µc-Si:H layer was deposited 
in the chamber before the actual deposition.  
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Figure  3-8 Schematic drawing of a) the a-Si:H solar cell and b) the micro-
morph solar cell on planar superstrate (not to scale). 
Figure  3-8 shows schematic drawings of the a-Si:H solar cell and the 
micromorph solar cell used in this study. Solar cells with the same structures 
(i.e. either Figure  3-8(a) or Figure  3-8(b)) were always deposited simul-
taneously in the same deposition run on different superstrates, so that the 
solar cell results are comparable. One can argue that the same deposition 
time might lead to different thicknesses on differently textured superstrates. It 
is however not straightforward to find the exact thickness difference on 
different superstrates. Therefore, the thickness difference of thin-film a-Si:H 
layers deposited on the different superstrates are not large (based on 
matching interference fringes of the reflection measurement). The result is 
presented in Chapter 5, Section  5-2. Thus, the presented experimental 
procedure is suitable for this experiment. 
As can be seen in Figure  3-8, the cell structures consist of two p-doped 
layers, p1 and p2, the former being p-doped µc-Si:H and the later p-doped 
µc-SiOx:H. Layer p1 with thickness of ~5 nm is used as a seed layer for the 
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deposition of the µc-SiOx:H layer (p2) with thickness of ~18 nm. µc-SiOx:H 
material is chosen because of the low absorption coefficient at short 
wavelengths (300-450 nm). Table  3-2 and Table  3-3 show the materials and 
thicknesses of different layers in the a-Si:H and micromorph solar cells, 
respectively. The thicknesses of the a-Si:H solar cell are based on the optical 
fitting of the reflectance of the solar cell on planar superstrates, while the 
thicknesses of the micromorph solar cell is based on the deposition rate of the 
material. 
Table  3-2 Materials and thicknesses of different layers of the a-Si:H solar cell. 
Layer Material Thickness (nm) 
Front contact Al-doped ZnO (AZO) 677 
p-doped (p1)  µc-Si:H 5 
p-doped (p2) µc-SiOx:H 18 
intrinsic a-Si:H 237 
n-doped µc-SiOx:H 38 
Back contact AZO 80 
Back reflector Ag 185 
 
The back contact consists of 80 nm AZO and 200nm Ag. The AZO 
improves the reflectivity of the back contact and reduces plasmonic losses at 
the nano-rough Ag surface [141]. 
 
Table  3-3 Materials and thicknesses of different layers of the micromorph 
solar cell. 
 Layer Material Thickness (nm) 
 Front contact Al doped ZnO (AZO) 677 
Top cell 
p-doped (p1)  µc-Si:H 5 
p-doped (p2) µc-SiOx:H 15-20 
intrinsic a-Si:H 260 
n-doped µc-SiOx:H 60 
Bottom cell 
p-doped (p1)  µc-Si:H 5 
p-doped (p2) µc-SiOx:H 15-20 
intrinsic µc-Si:H 1750 
n-doped µc-SiOx:H 30 
 Back contact AZO 70-80 
 Back reflector Ag 200 
 
After the deposition of the full structure on the superstrates, the a-Si:H 
solar cells were laser scribed in PVcomB to divide the solar cells into 1.0 × 
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1.0 cm2 areas. The micromorph solar cells were divided to 8.0 × 1.0 cm2 
areas. The process and design rules of laser scribing for modules are 
described, for example, by Gupta [142]. Here, only the P3 scribing is used to 
separate the cells. After the deposition of the back contact and the (P3) laser 
scribing step, the samples were annealed for 50 minutes at a temperature of 
160ºC, which mainly improves the back contact.  
 
3-1-3-2 Characterization methods 
In this section, the different characterization methods used for evaluation 
of device performance are described. It is divided into optical measurements, 
current-voltage characterization and spectral response measurements. More 
information about thin-film silicon material and solar cell characterization are 
given, for example, in the books by Shah [27] or Kirchartz and Rau [143]. 
 
 
3-1-3-2-1 Optical measurements with integrating sphere: haze, trans-
mission, reflection 
After the back reflector deposition, the total reflectance of each sample 
was measured from the glass side. A Perkin Elmer spectrophotometer (model 
Lambda 1050) with a deuterium and a halogen light source and a mono-
chromator allowing measurements from 170 to 3300 nm wavelength was 
used. Measurements were done using an integrating sphere and a photo-
multiplier tube (for 300-860 nm) and an InGaAs detector (for 860-1200 nm). 
The total reflectance spectrum was used to calculate total absorptance 
spectrum of the samples (A total = 1 −  Rtotal). The comparison of absorp-
tance spectra of both a-Si:H and micromorph solar cells on differently 
textured superstrates is presented in Chapter 5, Section  5-2. In addition, the 
reflectance spectrum of an a-Si:H solar cell on a planar superstrate was 
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calculated using the CODE software and fitted with the measured reflectance. 
CODE is a thin-film analysis and design software developed by “Theiss Hard- 
and Software” [144]. The software uses the thickness and complex refractive 
index of each layer for calculating the reflectance of a layer stack. The 
complex refractive indices of the different layers were measured by Simon 
Kirner in PVcomB [46]. Using the fitted thicknesses (Table  3-2), the 
absorption losses in different layers of the a-Si:H solar cell on planar glass is 
calculated and presented in Chapter 5, Section  5-2-1.  
 
3-1-3-2-2 Current-Voltage (I-V) characterization 
 In this section, the characterization of the solar cell devices is described. 
The I-V curves were measured using a Keithley 6517B source meter. As light 
source, a dual-source (Hg and Xe) Wacom WXS-155S-L2 solar simulator 
(class AAA) was used. The measurements were performed under standard 
test conditions (25 °C cell temperature, 100 mW/cm2 light intensity, AM1.5G 
solar spectrum). Prior to the measurements, the sun simulator’s spectrum 
was calibrated with respect to the quantum efficiency of the device under 
investigation. For all the solar cells presented in this thesis, the current-
voltage (I-V) characteristics are measured after annealing at 160°C for 50 
minutes. This annealing step improves the adhesion between ZnO:Al and Ag. 
An overview on further methods of thin-film silicon solar cell characterization 
is given, for example, in [27]. 
 
3-1-3-2-3 Spectral response measurement 
In addition to I-V characteristics, the spectral responses of all the solar 
cells of this thesis were measured. The SR is measured at short-circuit 
conditions and has a unit of A/W. Thus, for every wavelength, it represents 
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the short-circuit current under monochromatic illumination normalised to the 
power of the incoming radiation. Mathematically: 
 
𝑆𝑅(λ) = 𝑞 × 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑓𝑙𝑢𝑥
�
ℎ𝑐
λ �× 𝑝ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥                          ( 3-8) 
 
The spectral response provides valuable information in addition to the 
illuminated I-V curve. From the measured spectral response, the external 
quantum efficiency is given by  
 
𝐸𝑄𝐸(λ) = 𝑆𝑅(λ)�ℎ𝑐λ �
𝑞
       ( 3-9) 
 
The EQE is thus defined as the ratio of the externally flowing electron flux 
to the incoming photon flux.  
To reveal the internal electronic losses in the device under test, it is 
useful to measure the hemispherical reflectance 𝑅𝑡𝑜𝑡𝑎𝑙 and transmission 𝑇𝑡𝑜𝑡𝑎𝑙 





      ( 3-10) 
 
By multiplying the EQE with the AM1.5G solar spectrum at each 
wavelength and integrating over the spectral region of interest, the short-
circuit current generated by the solar cell can be calculated. 
Since the investigated solar cells are non-linear (i.e., their quantum 
efficiency depends on the carrier density (or ‘injection level’) within the 
absorber layer), bias light was used during the spectral response 
measurements. As a result, the measured response is a differential spectral 
response [145]. The calibration method and details of differential spectral 
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response measurements and the associated calculations can be found in the 
literature [145] and, for example, in Simon Kirner’s PhD thesis [46]. 
In order to measure the spectral response of a particular sub-cell (top or 
bottom) of the micromorph tandem solar cell, the tandem cell has to be light 
biased in such a way that the current of the sub-cell of interest is the limiting 
current. For measuring the top sub-cell, the white light of the bias halogen 
lamp is sufficient. The bottom cell was measured by illuminating the top 
sub-cell with blue light using a blue filter (Schott BG39). The standard EQE 
measurements were performed under ‘quasi’ short-circuit conditions. That is 
because the voltage generated by the light-biased sub-cell shifts the sub-cell 
under investigation away from short-circuit conditions. Accordingly, in order to 
compensate for the voltage generated by the light-biased sub-cell, a positive 
bias is applied for the measurement of the top sub-cell and the bottom 
sub-cell. The applied voltages are 400 mV and 500 mV, respectively. For 
further details on EQE measurements of micromorph cells, the interested 
reader is referred to the PhD thesis of Simon Kirner [46].  
Comparing the short-circuit current derived from EQE and the one 
measured with the sun simulator (I-V curve), there is a significant deviation. 
The deviation is more pronounced for the bottom cell of the micromorph solar 
cell. As the devices are deposited on a rough substrate, the light is scattered 
and part of the light is scattered out of the defined cell area (the spot size of 
the light beam is 4 x 4 mm2 compared to the 10 x 10 mm2 cell area). 
 
3-2 Simulation methodology 
The simulation methodology for modelling the scattering properties and 
absorption in different layers of an a-Si:H solar cell structure is presented in 
this section. Section  3-2-1 presents the methodology used for validation of 
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light scattering into the solar cell absorber layers. Section  3-2-2 presents the 
general principles of absorption the advanced semiconductor analysis (ASA) 
software. ASA software is used in Section  5-2-1 for evaluation of the light 
absorption in different layers of a-Si:H single junction solar cell on a planar 
superstrate.   
 
3-2-1 Scattering properties into the absorber material 
As explained before, scattering properties (i.e. haze and ARS) can only 
be measured into air, while it is necessary to evaluate the scattering proper-
ties into the absorbing material (i.e. a-Si:H). As a result, appropriate models 
for both haze and ARS are needed to simulate these properties for the solar 
cell structure. The ARS model that is used in this thesis is extensively 
described by Domine [50, 89, 121]. It was also briefly described in Chapter 2. 
A new model for haze calculation is proposed in Chapter 4. Both models need 
to be validated for scattering from AIT glasses and AIT superstrates. 
Accordingly, both properties while measured or calculated into air should 
produce the same result.  
The validation methodologies for both simulated haze and simulated 





Figure  3-9 Flowchart of validation of haze calculated using the haze model. 




Figure  3-10 Flowchart of validation of ARS calculated using the ARS model. 
Subscripts “m” and “s” indicate whether the value is measured or simulated, 
respectively. C is the normalization constant. 
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It is known that the direct transmission calculated from the simulated 
ARS using AFM images has a large error. This is due to the low resolution of 
the PSD of AFM images in low spatial frequency. No matter how large the 
AFM image is, the directly transmitted light from the surface cannot be 
accurately estimated. Hence it is necessary to have another measure to 
normalize the ARS value. This is done by normalizing ARS against the 
measured haze. Haze and ARS are correlated by Equation  3-11. 
 
 
Figure  3-11 Flowchart for calculation of ARS into the absorber material using 
the validated ARS model. Subscripts “m” and “s” indicate whether the value is 
measured or simulated, respectively. 
 
 𝐻𝑇(𝜆) = 2𝜋 ∫ 𝐴𝑅𝑆(𝜃, 𝜆)𝑆𝑖𝑛(𝜃)𝑑𝜃𝜋2𝜃0      ( 3-11) 
 
where 𝜃0 is the opening angle of the haze measurement. As a result the 
simulated ARS value can be normalized using the haze value. The same 
method can be used in normalization of the ARS into the absorbing material. 
Figure  3-11 show the flowchart for calculating ARS into the absorber layer 
using this method. 
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3-2-2 Advanced Semiconductor Analysis (ASA) software for 
simulation of thin-film silicon solar cells 
A good solar cell optical design requires the accurate knowledge of the 
optical generation rate profile within the solar cell. This can be defined using 
the advanced semiconductor analysis (ASA) software. For more information 
on ASA, please refer to the literature [57, 78, 146, 147]. In this section, the 
principles of optical simulations with ASA are briefly explained. ASA was 
developed in the laboratory of photovoltaic materials and devices in Delft 
University of Technology, The Netherlands. The software is designed to 
simulate optoelectronic properties of amorphous and crystalline semicon-
ductor devices. In this thesis, the optical properties of a-Si:H solar cells on 
planar superstrate are simulated and presented in Chapter 5, Section  5-2-1. 
ASA enables the user to include up to one incoherent layer in the optical 
simulation of a layered structure. For superstrate a-Si:H solar cells, the glass 
superstrate has to be considered as an incoherent layer, as it is orders of 
magnitude thicker than the thin-film layers. Thus, the simulated results can be 
used to fit the measured optical properties (i.e. absorptance, transmittance 
and reflectance). The optical properties of a thin-film multi-layer system with 
flat interfaces can be calculated using thin-film optics. This approach uses the 
complex refractive indices of the media and the effective Fresnel coefficients. 
Although all practical thin-film silicon solar cells use textured substrates, and 
therefore have rough interfaces, solar cell structures processed with planar 
interfaces are a very useful experimental tool for examining the optical 
models, extracting unknown optical parameters and showing the trends in the 
optical behaviour. ASA calculates the optical properties of an a-Si:H solar cell 
structure by considering the glass layer as an incoherent layer in which there 
are no interference effects. The reflectance and transmittance of this layer is 
calculated by adding energies (i.e. squares of amplitudes).  
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Chapter 4 Scattering properties of textured superstrates  
 
In this chapter, the morphology as well as scattering properties of 
textured glass are investigated. These properties are examined for three 
groups of samples: textured TCO superstrates, textured glass superstrates, 
and double-textured superstrates. After the introduction in Section  4-1, the 
surface morphologies of these samples are presented and compared in 
Section  4-2. In Sections  4-3 and  4-4, angularly resolved scattering (ARS) and 
the haze values of the samples are presented and discussed. These 
scattering properties are correlated with the PSD function of the surface, 
which was introduced in Chapter 2 as well as Section  4-2-3. In the present 
chapter the scattering properties are mainly discussed at the interface of the 
samples with air. Using the models described and verified in this chapter, the 
scattering properties into the absorber material are discussed in Chapter 5, 
together with the related solar cell characteristics. Suggestions for future work 
and a short summary are provided at the end of this chapter. 
4-1 Introduction  
Randomly textured surfaces are known as an efficient and scalable 
method for light scattering into a-Si:H solar cells [49, 52, 64, 85, 148]. It is 
also known that scattering happens at interfaces with a high refractive index 
gradient (for example TCO/silicon) [89, 121].  
In this thesis, textured glasses are utilized as textured superstrates for 
a-Si:H solar cells. The glass texturing method employed in this study is 
aluminium-induced texture (AIT) method [84]. Figure  4-1 shows SEM images 
of AIT glass surfaces for (a) borosilicate glass and (b) soda-lime glass. As we 
see the method produces crater-like textures on the glass surface. 
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Figure  4-1 SEM images of (a) a borosilicate glass sheet and (b) a soda-lime 
glass sheet textured with the AIT method. The insets show magnified views of 
the textured surfaces [87, 149]. 
As mentioned in Chapter 3, borosilicate glass is used in this study 
because of the more homogeneous surface structure. The morphological 
properties (i.e. PSD function, 𝜎𝑟𝑚𝑠 and 𝜏𝑐𝑙) of the randomly textured super-
strates are presented in this chapter. To the author’s knowledge, an extensive 
comparison of the PSD functions of double-textured superstrates and AIT 
superstrates are not presented in other research works. 
Many studies investigated the scattering from randomly textured 
surfaces. In the literature, scattering properties of textured samples are often 
correlated to their 𝜎𝑟𝑚𝑠 [57, 107]. However, the autocorrelation length of the 
textured surface also plays an important role for the scattering properties. In 
addition, the optimum morphology of AIT glass (i.e. root mean square rough-
ness ( 𝜎𝑟𝑚𝑠) or autocorrelation length (𝜏𝑐𝑙), presented in Section  4-2-3) that is 
suitable for efficient light scattering in a-Si:H solar cells are yet to be investi-
gated. This chapter of the thesis will investigate and explain this issue. 
Additionally, in order to understand the optical absorption enhancement 
in thin-film solar cells due to textured surfaces, the scattering properties of the 
textured surface need to be known. Haze and angular resolved scattering 
(ARS) measurements are the most commonly used methods to evaluate light 






scattered light for different wavelengths in the transmission or reflection. ARS 
specifies the directionally resolved intensity distribution of the scattered light. 
Measurement methods for these properties were explained in Chapter 3. 
Using available instruments, these two properties can be easily measured for 
different wavelengths at the interface of textured surface and air. Figure  4-2 
shows a schematic illustration of light scattered into air and a-Si:H.  
 
Figure  4-2 Schematic representation of scattering of light into air and a-Si:H. 
It is clear that scattering of light into the a-Si:H film is not accessible to 
external measurements. 
While these methods enable a reasonable comparison between different 
textured samples, the correct values of the scattering properties into the 
absorbing material (a-Si:H in the present case) are difficult to measure. Some 
methods have been suggested to measure the ARS at the TCO/Si interface, 
however, the experimental procedure for this measurement is complex and 
results in additional errors due to an extra Si/air interface in the system [150]. 
Different methodologies have been proposed for calculating the ARS [89, 
121, 150] and haze value [57, 68, 151] of the samples at the interface 
between arbitrary media. Although the ARS calculated by these methods well 
predicts the distribution function of the scattered light, the proposed methods 
for haze calculation lack accuracy and sometimes physical meaning. 
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In the following Section  4-2, selected samples for this study are intro-
duced and the morphological characteristics of these samples are presented. 
In Section  4-3, the ARS characteristics of the samples are discussed. Using 
the ARS model (explained in Chapter 2), the ARS values of the samples are 
simulated. In order to show the simulation method is valid for the surface 
morphology resulted from AIT glass surface, the simulated ARS is then com-
pared with ARS of AIT superstrates. This model will be used to predict the 
correlation between the scattering and short-circuit current enhancement in 
Chapter 6. In Section  4-4 the haze values of the samples are presented. A 
model is developed to accommodate the specific features of AIT glass and 
predict the haze for this scattering system. This model is validated for the 
haze values into air and will be used in Chapter 5 for the evaluation of haze 
inside a-Si:H.  
 
4-2 Surface Properties 
4-2-1 Introduction 
AIT glass can be fabricated with a wide range of  𝜎𝑟𝑚𝑠 and lateral feature 
sizes. In this section, AIT glasses with different morphological properties are 
introduced and the morphological properties of the AIT samples before and 
after TCO deposition are investigated. A PSD function of the samples is used 
in order to compare their morphological properties. Using a PSD equation that 
fits with the PSD function of the samples, some morphological characteristics 
of the samples are defined and discussed. The PSD equation that is 
presented here is validated for AIT glass. A general form of the PSD equation 
and the related morphological properties are presented in Appendix A. The 
general form of the PSD equation can fit with a wider variety of morphologies.  
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This section only defines the morphological properties of the samples. 
The relation between morphological properties and the scattering of the 
samples are explained in Sections  4-3 and  4-4. 
 
4-2-2 Morphology of the textured samples  
In this section, the superstrates used for scattering studies are 
introduced. Figure  4-3 shows schematics of the superstrates used in this 
study. In the experimental setup (as explained in Chapter 3), I used planar 
glass as well as AIT glass and studied the scattering properties of these 
samples before and after AZO deposition.  
 
 
Figure  4-3 Schematic of the different samples investigated in this study. 
In addition, another etching step was also executed on some of the AZO 
coated AIT glasses in order to investigate the scattering behaviour of double-
textured samples. An a-Si:H superstrate consists of 1) a transparent sheet 
(e.g., glass), which is used as a substrate for deposition of the thin-film 
structure, 2) a transparent conductive electrode that serves as the front 
contact (e.g. transparent conductive oxide (TCO)). In this study the glasses 
coated with Al-doped ZnO (AZO) are called superstrates. The cell structure is 
later deposited onto these superstrates. The definition of different super-
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strates used in this study was explained in detail in Chapter 3. As a result, 
there are 3 groups of samples in this study (presented in three columns in 
Figure  4-3 and Figure  4-4): 
 
A: without AZO layer: a) planar glass and b) AIT glasses 
B: with AZO layer and not etched: c) planar superstrate and d) AIT 
   superstrate 
C: with AZO layer and etched: e) textured AZO superstrate and  
         f) double-textured superstrates  
 
In each of these groups, there are 5 different samples: one planar 
sample and four AIT samples with different morphologies. Figure  4-4 shows 
the AFM images of all the samples. The AIT samples are chosen in a 
relatively wide morphological range to investigate the correlation between the 
morphology, scattering (in this chapter) and current enhancement (in the next 
chapter). However, the roughness is kept within the range that can be used 
for fabricating working a-Si:H solar cells. It is known that sharp edges causes 
shunting problems in a-Si:H solar cells [152].  
Throughout this thesis the AIT glass without AZO is called “AIT glass” 
and AIT glass with non-etched AZO is called “AIT superstrates”. These 





Figure  4-4. AFM images of the glass samples before AZO deposition (left 
column), after AZO deposition (middle column), and after etching of the AZO 
(right column). σrms of the samples is included in the images.  
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There are two morphological factors that are usually compared using the 
AFM image (schematic in Figure  4-5): the root mean square roughness  𝜎𝑟𝑚𝑠 
and the lateral feature size.  
 
a)                                               b) 
  
Figure  4-5 a) σrms and b) lateral feature size. 
 𝜎𝑟𝑚𝑠 is a measure of the height distribution of the sample over the mean 
surface and can be directly calculated using the AFM data. However, the 
lateral feature size can only be visually recognized from the AFM image. In 
order to quantitatively compare the lateral feature size, we either need an 
image analysis of the AFM image, or a mathematical method to analyse the 
AFM data. Recognizing the lateral feature size from image analysis is 
possible for images in group A, however it is complicated and erroneous for 
images in group B and C due to the more complicated features in the images. 
For example, one of the possible ways for defining a lateral feature size is 
using the angle histogram [87] of the samples (Figure  4-6). Using the  𝜎𝑟𝑚𝑠 
and root mean square angle of the AFM images it is possible to define a 
lateral feature size for AIT glasses. However because of the small features 
added to the surface after AZO deposition, the angle histogram does not 
provide a clear explanation of the surface features of AIT glass. The better 
mathematical method is using the autocorrelation length as a measure for the 
lateral feature size. Deriving the autocorrelation length and autocorrelation 




Figure  4-6 Angle histogram of four AIT samples prepared with different AIT 
process parameter settings. 
The other surface property that affects scattering form a textured surface 
is  𝜎𝑟𝑚𝑠.  𝜎𝑟𝑚𝑠 of the samples is included Figure  4-4 in the image for 
comparison. The 𝜎𝑟𝑚𝑠 of AIT glass in this study varies between 52 and 
78 nm. Samples AIT-2 and AIT-3 are chosen with the same roughness in 
order to show the effect of autocorrelation length on the scattering behaviour 
of the samples in the following sections. In general, we can see that 
comparing to group A, the roughness of the samples increases both after 
AZO deposition (group B) and AZO + etching (group C). The reason is both 
AZO deposition and AZO + etching add new features and texture to the 
surface of the samples in group A. The only exception in this image is sample 
AIT-4 for which  𝜎𝑟𝑚𝑠 is reduced after AZO deposition. The reason for the 
reduction is a smaller lateral feature size of the samples (compare AIT-1 with 
other AIT samples in group A, Figure  4-4). In this case, the AZO fills up the 
craters of the AIT glass and leads in smaller height variation or  𝜎𝑟𝑚𝑠. 
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In the following section, the PSD equation is introduced. It is shown that 
roughness and autocorrelation length of the samples can be derived from the 
PSD function. 
 
4-2-3 Roughness and autocorrelation length from PSD equation 
As mentioned in Chapter 2, it is possible to define an equation for the 
PSD function. Later, in Section  4-4, it will be shown that it is necessary to 
define a PSD equation in order to analytically derive an equation for the haze. 
In addition to that, the PSD equation helps to derive values like the auto-
correlation length, which is representative of the average lateral feature size 
as well as the total roughness.  
As shown in Chapter 2, Section  2-1-2, the general PSD equation can be 
defined as:  
 
( )






fPSD      ( 4-1) 
 
The following discussion assumes C = 2 in Equation  4-1, because the 
resulting function agrees well with the PSD function derived from the AFM 
images of the AIT glass samples. Assuming C = 2, the following simple 

































     ( 4-2b) 
 
( ) ( )cltotACV ττστ −= exp2      ( 4-2c) 
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where 𝜏 is the lag length (for more details on the PSD and the ACV functions 
see Ref. [95]). 𝜎𝑡𝑜𝑡 is the total roughness, which was explained in Chapter 2. 
The fitting of the PSD data with equation ( 4-2a) is shown in Figure  4-7. The 
general form of the PSD equation and the relative solution for all the other 
functions can be found in Appendix A. Using this simple equation for the PSD, 
the ACV function of the surface is a simple exponential form function. Using 
this ACV, the autocorrelation length is equal to 𝜏𝑐𝑙.  
Fitting the PSD equation to the PSD data generated from AFM images 
yields the total roughness 𝜎𝑡𝑜𝑡, and the autocorrelation length 𝜏𝑐𝑙 of AIT 
glasses as presented in Table  4-1. 
Table  4-1- Surface characteristics of the AIT glasses. 
Sample code 𝝈𝒓𝒎𝒔 (nm) 𝝈𝒕𝒐𝒕 (nm) 𝝉𝒄𝒍(nm)  
AIT-1 52 66 570  
AIT-2 68 78 544  
AIT-3 68 80 308  
AIT-4 87 92 300  
 
It is important to note that AFM measurements typically give a bandwidth 
limited value of  𝜎𝑟𝑚𝑠 [153]. It is called bandwidth limited because the AFM 
image represents a discrete set of data points with finite image dimension and 
finite resolution. As a result, the PSD function is a discrete function defined for 
a specific interval of 1/𝛥𝑥 to 1/𝐿1 and not for the interval of 0 to ∞. 
Hence,  𝜎𝑟𝑚𝑠 is a roughness value that represents the surface roughness only 
for the specified interval. Here,  𝜎𝑟𝑚𝑠 is used as a second control factor for 
fitting the PSD equation with the discrete PSD function of the AFM images. In 
other words, the fitted PSD equation reproduces 𝜎𝑟𝑚𝑠 in the same way as the 
root mean square method.  
                                               
1 : Δ𝑥 is the AFM image resolution and L is the AFM image length 
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As we see in Table  4-1, although AIT-2 and AIT-3 glass samples have 
the same  𝜎𝑟𝑚𝑠, their 𝜎𝑡𝑜𝑡 values are different. This suggests that the total 
roughness is a better parameter for evaluating the scattering capability of a 
textured surface. However, it will be shown in Section  4-4 that it is also 
necessary to consider the autocorrelation length of the textured surface. 
 
4-2-4 Comparison of Power Spectral Density (PSD) of the samples 
The PSD function of the AFM images can be used to compare the 
morphology of the samples. In this section, the PSD of the samples 
generated using AFM images shown in Figure  4-4 is presented and com-
pared. Accordingly, the PSD function is taken as a measure for comparing the 
morphology of AIT glass, AIT superstrates and double-textured superstrates.  
 
4-2-4-1 AIT glass  
The symbols in Figure  4-7 show the calculated PSD of measured AFM 
data of the AIT glasses presented in Figure  4-4 (i.e. before AZO deposition). 
The lines present the PSD calculated from Equation ( 4-2a). As explained 
before, the PSD function at low spatial frequencies represents the contri-
bution of features with large autocorrelation length, whereas the function at 
high spatial frequencies represents smaller features of the textured surface. 
From visual inspection of the AFM images, it is obvious that samples AIT-1 
and AIT-2 consist of larger features comparing to samples AIT-3 and AIT-4. 
Here, comparing the PSD function, we see that this intuitive finding is 
quantitatively confirmed using the corresponding PSD functions. In other 
words, samples AIT-1 and AIT-2 with larger features have larger function 
values for small spatial frequencies. In addition, AIT-3 and AIT-4 glass 
samples have larger values in the high spatial frequency range.  
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Figure  4-7 PSD data of the AIT samples before AZO deposition. 
It is also known that features that show themselves in the PSD function at 
low spatial frequencies contribute to low-angle scattering, while features 
corresponding to large spatial frequencies contribute to large-angle scatter-
ing. We can conclude this by comparison of the ARS model presented by 
Domine et al. [89, 121] and PSD function of the surface. Based on this state-
ment and considering the obtained PSD functions, we expect large scattering 
intensities at low angles for the investigated AIT samples.  
The significance of PSD can be best seen by comparing samples AIT-2 
and AIT-3. These samples have the same 𝜎𝑟𝑚𝑠. The PSD function, however, 
shows that sample AIT-3 has a larger contribution from features with high 
spatial frequencies. In addition, we observe that the PSD of sample AIT-2 is 
larger at low spatial frequencies, which indicates that the surface of sample 
AIT-2 consists of larger features. This is also confirmed when looking at their 
88 
AFM images (see Figure  4-4). The comparison of the PSD function of these 
two samples also indicates that sample AIT-3 should scatter more light into 
large angles than AIT-2.  
Note that, considering the same 𝜎𝑟𝑚𝑠, simpler expressions for haze 
values (explained in Chapter 2) predict similar scattering characteristics for 
these samples. However, the larger autocorrelation length of sample AIT-2 
results in smaller haze values at short wavelengths. This will be further 
discussed in Section  4-4-3. 
 
4-2-4-2 AIT superstrates  
Comparison of PSD functions of the samples becomes specifically useful 
for analysis of visually similar textured surfaces. For example, it is not easy to 
visually recognize the difference between the lateral feature sizes of super-
strates AIT-3 and AIT-4 (i.e. after AZO deposition, see Figure  4-4). However, 
in Figure  4-8, by comparing the PSD function of these samples, the difference 
is distinguishable at higher spatial frequencies.  
Figure  4-8 compares the PSD functions of all samples after AZO 
deposition. As we can see, there is a high-frequency component that is 
inherent to sputter deposition of the AZO on planar glass. Comparing the 
planar superstrate with the AIT superstrates, we can see that the AIT super-
strate adds a substantial amount of features up to a spatial frequency in the 




Figure  4-8 PSD functions of the planar glass sample as well as the AIT 
samples after AZO deposition (not etched). 
Scattering at wavelengths of 600 to 700 nm is of great importance for 
a-Si:H solar cells, due to the large drop of the absorption coefficient in this 
wavelength range. As a result, we need to find out the spatial frequency 
intervals that are related to scattering of light within this wavelength range. 
According to Harvey et al. [92], the total integrated scattering of the light with 
wavelength λ from a textured surface is correlated to the total integrated PSD 
of the surface in the interval of [0, 1 𝜆⁄ ]. Considering this fact, we can see that 
we need a surface with high power in the spatial frequency interval of 0 to 2 
µm-1. Based on this analysis, we can expect a better performance of the 
a-Si:H cells deposited on the superstrates AIT-3 and AIT-4. 
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4-2-4-3 Double-textured samples 
As explained, double-textured surfaces are frequently used for tandem 
thin-film solar cells. In general, good scattering properties in a wider wave-
length range are expected from double-textured surfaces. Although good 
scattering properties are experimentally shown by cell properties on double-
texture surfaces [48, 71, 75, 154, 155], the correlation of the surface proper-
ties of these samples to the scattering properties has not yet been addressed.  
In Figure  4-9 and Figure  4-10, the three stages (AIT glass, AIT super-
strate and double-textured superstrate) are shown for samples AIT-1 and 
AIT-4. The PSD functions of bare AIT glass and planar glass with etched and 
non-etched AZO are also included for comparison. From these figures, we 
can explain why double-textured surfaces are expected to have better scatter-
ing in a wider wavelength range. As we can see, the double-textured surfaces 
(Figure  4-9(b) and Figure  4-10(b)) have larger PSD values at higher spatial 
frequencies. 
 
Figure  4-9 PSD function of the textured surface of AIT-1 with a) non-etched 
AZO and b) etched AZO. The PSD functions of AIT glass and planar glass 
with non-etched and etched AZO are also shown. 
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AIT-1 and AIT-4 are chosen as the two samples with distinguishably 
different lateral feature sizes. It is clear from the figure that an additional 
etching step increases the PSD function at spatial frequencies above 1 µm-1. 
Considering the explanation provided by Harvey et al. [92], the extra power 
included in the PSD function of double-textured samples enhances the total 
amount of scattered light with wavelengths below 1000 nm. As the PSD func-
tion of the double-textured superstrate is larger than that of the AIT super-
strate at spatial frequencies above 0.8 µm-1, it is expected to induce scatter-
ing enhancement for a larger wavelength range for a double-textured surface. 
 
 
Figure  4-10 PSD function of the textured surface of AIT-4 with a) non-etched 
AZO and b) etched AZO. The PSD functions of AIT glass and planar glass 
with non-etched and etched AZO are also shown. 
In addition, we can see that the PSD function of a double-textured 
surface is roughly the sum of the PSD function of its components (as shown 
by X+Y). In other words, if we add up the PSD value of the AIT glass (no 
AZO) with the PSD function of texture-etched AZO on planar glass, the 
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resulting curve is close to the values of the double-textured AIT superstrates. 
This statement also holds for AIT glass (no AZO) and planar glass with non-
etched AZO. As we have seen in Figure  4-4, the sputter-deposited AZO on 
planar glass shows some high spatial frequency components (small texture 
with low roughness). Looking at the PSD function of AIT superstrates we can 
see these small features in the high-frequency range can also be recognized. 
By simply adding up the two PSD functions we can achieve a function that 
roughly estimates the PSD function of the third surface. In other words, we 
can say the PSD functions are “additive”. 
4-3 Angularly Resolved Scattering (ARS) 
4-3-1 Introduction 
Angularly Resolved Scattering (ARS) is one of the scattering properties 
of textured samples discussed in this chapter. It was explained earlier that 
this property shows how much of the light is scattered into which angle after 
interaction with a textured interface. ARS can be measured in the trans-
mission or reflection mode. Since in this study I analyse scattering properties 
of textured superstrates for Si thin-film solar cells, all discussed ARS values 
are in the transmission mode. The illumination source for the measurements 
can be single wavelength or any other light source. For the simulation of ARS, 
the property is independently calculated for each wavelength. In this section, 
the simulation method introduced by Domine et al. [89, 121] (see Chapter 2) 
is used for modelling of the ARS properties of AIT samples. As the model was 
first developed for textured TCO superstrates, the validity has to be checked 
for AIT glass that features significantly different feature sizes. For this 
purpose, first the validity of the model is verified for textured TCO 
superstrates and then it is validated for AIT glass and AIT glass superstrates. 
Measured ARS of double-textured superstrates (i.e. AIT glass/texture-etched 
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AZO) is also provided in Section  4-3-4. ARS simulation of double-textured 
samples is not within the scope of this thesis. 
4-3-2 Textured TCO: The common method for light scattering 
As mentioned before, the common method for obtaining light scattering in 
a-Si:H solar cells is texturing the TCO deposited on a planar glass. In this 
section, I present the ARS of texture-etched AZO and compare it with the 
commercially available superstrate from Nippon Sheet Glass Co. (‘NSG 
glass’.) Figure  4-11 shows the measured as well as the modelled ARS of the 
two superstrates mentioned above. As we see, the model accurately predicts 
the ARS value of both samples. 
 
Figure  4-11 ARS value for etch textured AZO and commercially available 
F:SnO2 superstrates. Symbols show the measured ARS and the lines show 
calculated ARS using the ARS model presented in Chapter 2. 
4-3-3 Validating the model using ARS into air for AIT glass and AIT 
superstrates 
Having shown that the ARS model works for textured TCO superstrates, 
it is necessary to check the validity of the model for AIT glass and AIT super-
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strates. Figure  4-12 shows the ARS of the AIT glass samples (i.e. before AZO 
deposition) at λ = 620 nm. As we see, the simulated ARS predicts the ARS 
values well for scattering angles of more than 5°. Since the AFM image size is 
limited (in this case a 30 µm by 30 μm image was used), the simulated curve 
cannot accurately predict the scattering of light into small angles (< 4° in this 
case). On the other hand, it should be noted that the light scattered into these 
small angles is often considered as directly transmitted light, hence evaluated 
using the haze value rather than the ARS curve. ARS is meant to evaluate 
the angular distribution of the scattered light.  
 
 
Figure  4-12 ARS value at λ = 620 nm of the AIT glass samples before AZO 
deposition. Symbols: measured data; lines: simulated data using the AFM 
image of each sample. 
Comparing the different AIT samples of this study, we observe that 
scattering to large angles increases from AIT-1 to AIT-4. Furthermore, as 
mentioned before, the samples AIT-3 and AIT-2 have the same 𝜎𝑟𝑚𝑠 but 
different 𝜏𝑐𝑙. We can see that the different 𝜏𝑐𝑙 leads to a different scattering 
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behaviour. AIT-2 scatters most of the light into small angles, while AIT-3 
scatters light across a broader range of angles. This is consistent with the 
observations that were made in relation to the PSD functions of these 
samples.  
As explained in Chapter 1 (discussion of Lambertian scattering), the goal 
of a good randomly textured surface is to scatter light uniformly into all 
possible angles. In that sense, samples AIT-3 and AIT-4 scatter light better 
than samples AIT-1 and AIT-2, as in the case of AIT-1 the amount of light 
scattered into large angles (> 40º) is orders of magnitude smaller than for 
AIT-4. 
AIT glass in general is a good system for validating the scattering models 
used in this study. The reason is that AIT glass (i.e. without AZO) is a simpler 
system and the glass/TCO interface does not exist in this system. Since the 
model only considers scattering at a single interface, the presence of a 
second interface can introduce errors to the simulated results. However, in 
the real case of a-Si:H solar cells, AZO is deposited on AIT glass as the front 
electrode. As already seen in the AFM images of the samples (Figure  4-4), 
the AZO deposition adds extra features to the surface. As a result, the 
simulation model for ARS calculation should be independently validated.  
Figure  4-13 shows the ARS values of the AIT samples after AZO 
deposition. Planar glass with texture-etched AZO, as well as planar glass with 
un-etched AZO, are added as references. Since the scattering event is 
happening between AZO and air in this case, we know that the refractive 
index difference between AZO and air is higher than the difference for AIT to 
air for samples without AZO. As a result, we see larger scattering especially 
into larger angles in Figure  4-13. We can see that the superstrates AIT-1 and 




Figure  4-13 ARS value at λ = 620 nm of the AIT glass samples after AZO 
deposition. Symbols: measured data; lines: simulated data using the AFM 
image of each sample. 
Furthermore, we can see that AIT-3 and AIT-4 superstrates scatter the 
light more uniformly into all angles. In general, we can see that AIT super-
strates with larger roughness and smaller lateral feature size provide more 
efficient scattering into larger angles. Comparing AIT-4 and planar glass with 
textured AZO, we observe that both samples scatter light uniformly into all 
angles. However, the total integrated amount of scattered light is higher for 
the AIT-4 superstrate. The total amount of scattered light is related to the 
haze value, which will be discussed in Section  4-4. 
As explained before, the main purpose of ARS simulation is to estimate 
the amount of scattered light into the absorber material, which is a-Si:H in this 
study. In Chapter 5, the ARS into a-Si:H is presented using the model 
validated here.  
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4-3-4 Double-textured superstrates: AIT glass/ etch-textured AZO 
As mentioned before, double-textured superstrates are believed to 
enhance light trapping in a wider wavelength range. AIT glass is an attractive 
textured glass for fabricating double-textured superstrates since the rough-
ness and lateral feature size of these glasses can be controlled in the 
fabrication process. Here I investigate the ARS of the double-textured super-
strates of Figure  4-4. As explained in the methodology chapter, the etching 
condition of AZO is the same for all the samples in this study and the only 
changing factor is the AIT morphology. The illumination source is a Xenon 
lamp with IR filter. 
Figure  4-14 shows that the total amount of scattered light form the 
double-textured superstrates fabricated on AIT glass is larger than the 
amount scattered by the reference textured AZO superstrate. The AIT-1 and 
AIT-2 glasses have the largest autocorrelation lengths (see Table  4-1) of all 
investigated samples. The 𝜎𝑟𝑚𝑠 for AIT-2 and AIT-3 are equal, however the 
𝜏𝑐𝑙 for AIT-3 is larger. We can see that the double-textured superstrate 
fabricated on AIT-3 shows a larger amount of scattered light into large angles. 
The same statement was true for the ARS value of the AIT glasses and the 
AIT superstrates. We can thus conclude that the ARS is affected by the 
morphology of AIT glass. This fact suggests that the scattering behaviour of 
double-textured samples can be a superposition of scattering of its 
components i.e. textured glass and textured AZO. 
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Figure  4-14 Measured ARS of double-textured superstrates fabricated on 
different AIT glasses compared with textured AZO superstrate. 
In order to further evaluate this fact, the ARS at λ = 620 nm of AIT super-
strate (i.e. AIT glass with non-textured AZO) and double-textured superstrates 
(i.e. AIT glass with texture-etched AZO) are compared for samples AIT-1 and 
AIT-4 (the least and most scattering samples, respectively). Figure  4-15 
shows the comparison. ARS of the textured AZO superstrate is also 
presented in the figures. The dashed line is the sum of textured AZO 
superstrate and AIT superstrate. 
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Figure  4-15 Scattering of light at λ = 620 nm by AIT superstrates, and AIT 
double-textured superstrates, compared with a textured AZO superstrate. a) 
sample AIT-1, b) sample AIT-4.  
Figure  4-15(a) shows the comparison for AIT-1. As we can see, the sum 
(dashed line) can roughly estimate the ARS value of the double-textured 
superstrate. In case of AIT-4 in Figure  4-15(b), we see that the AIT super-
strate alone has a much better scattering than the textured AZO superstrate. 
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As a result the double-texturing has not changed the ARS of the double-
textured superstrate at this wavelength. 
Now the question is whether it is valid to sum the ARS of the textured 
AZO superstrate and the AIT superstrate. At first sight, the effect of multiple 
scattering between glass and AZO (in multiple reflection of the light scattered 
into large angles) is not considered. In addition, the possible change in the 
properties of AZO deposited on AIT glass should be considered which affects 
the further etching of the AZO. In other words, the texture added to the AZO 
surface by etching might not be exactly similar on AIT glass to the one that is 
obtained on planar glass. However, since in the previous section we have 
shown that the PSD functions of these samples are “additive”, the ARS 
values could also have the same property. 
According to Schroder et al. [153], based on the Rayleigh-Rice (RR) 
theory, there is a simple correlation between the PSD function and the ARS 
value of the samples.  
𝐴𝑅𝑆(𝜃) = 𝐾 ×  𝑃𝑆𝐷(𝑓)      ( 4-3) 
The factor 𝐾 depends on the wavelength of the light, polarization of the 
light, the incident angle 𝜃𝑖 and the scattering angle 𝜃𝑠. 𝜃𝑠 and 𝑓 are correlated 
with the grating equation: 
𝑓 = |𝑆𝑖𝑛(𝜃𝑠) − 𝑆𝑖𝑛(𝜃𝑖)|/𝜆      ( 4-4) 
This equation is true for the smooth surface regime for which ARS 
consists of the first diffraction orders of the surface spectral components. 
However, the criteria for a smooth surface are not clearly defined and there is 
inconsistency in the literature [153].  
Here in this study, it was shown that the PSD function of the double-
textured superstrates can be roughly estimated by adding the PSD functions 
of the textured AZO superstrate and the AIT superstrate. In this section, it is 
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shown that the ARS values of the samples have the same property. 
Considering the RR theory, we can see the reason. Since there is a simple 
correlation between the ARS and PSD functions for the light with specific 
wavelength scattered to specific angle, the “additive” property of the PSD 
function results in the “additive” property of the ARS function. Accordingly, the 
multiple scattering events for the scattered light into large angles into the AZO 
material do not play a significant role. As we see in both cases of 
Figure  4-15(a) and (b), the sum predicts the ARS of the double-textured 




As explained in Chapter 2, haze is the other scattering property that is 
usually used for evaluating the scattering from a randomly textured substrate. 
Haze is measured as a wavelength dependent value showing the fraction of 
the incoming light intensity that is scattered. This is achieved by dividing the 
amount of diffuse light scattered into the integrating sphere by the incoming 
light intensity (see Chapter 3 for details on the measurement technique). This 
property can be evaluated for reflection and transmission from/by a surface. 
In this study, haze in transmission is evaluated for the superstrates of a-Si:H 
silicon solar cells.  
The haze value is widely studied for differently textured superstrates of 
thin-film Si solar cells. Like in the case of ARS, this value can only be 
measured into air. However, in order to correctly evaluate the amount of light 
scattered into the absorber layer of a solar cell, it is necessary to compare the 
haze values of light scattered at the ‘textured surface/absorber layer’ 
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interface. As a result, it is necessary to define a model that can predict this 
value into any arbitrary material.  
Although there is no clear correlation between the solar cell’s short-circuit 
current and haze into air for differently textured samples, it is beneficial to 
compare the haze values of samples with similar morphologies to understand 
and compare the scattering of the samples. This is especially useful because, 
often, a higher haze in air also translates to better scattering into the absorber 
layer. This topic will be further discussed in Section  4-4-2. Furthermore, in 
Section  4-4-3 a new model is proposed that can successfully predict the haze 
value of AIT samples. The model can be used to predict the haze value into 
the absorber layer (i.e. a-Si:H). The haze value for scattering into the 
absorbing material using this model is presented and discussed in Chapter 6. 
Using the new model, it will be shown in the current chapter that it is possible 
to propose an optimum structure for maximum scattering into any material 
(shown for absorber material and air, see Section  4-4-4). 
 
4-4-2 Haze value of different samples 
4-4-2-1 Textured TCO: the common method for light scattering 
Textured TCO superstrates are commonly used superstrates for a-Si:H 
solar cells. Here, the haze value of an etched AZO superstrate and the 
commercially available F-doped SnO2 are compared (from Nippon Glass 
Sheet Co. Ltd (NSG)). Figure  4-16 shows this comparison. In this study the 
textured AZO superstrate is always taken as the reference sample to which 
all the scattering properties and cells results are compared. In Figure  4-16 we 
can see that the haze of our reference sample is comparable to that of the 
commercial substrate and even outperforms the commercial superstrate at 
short wavelengths. The haze into air is especially important for short wave-
lengths, as it can be correlated to scattering into the absorber layer at longer 
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wavelengths. We can see this clearly if we consider the simple haze equation 
by Carniglia [107] described in Chapter 2. Although the equation is only valid 
in the paraxial approximation, we can use it as a base to explain this issue. 
Based on the haze equation, the ‘haze into air’ value of a sample at wave-
length λ1 in the short-wavelength region is equal to the ‘haze into absorber’ 
value of the same sample for wavelength 𝜆2 = �𝑛𝐴𝑍𝑂−𝑛𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟𝑛𝐴𝑍𝑂−𝑛𝑎𝑖𝑟 � 𝜆1. Since the 
difference in refractive index is larger between AZO and the absorber 
material, λ2 is always larger than λ1. Although, based on our findings (see 
Section  4-4-3), the above correlation is not linear for all the morphologies, the 
general trend will stay the same. 
 
Figure  4-16 Measured haze values of etched AZO which is used in this 
study compared with commercial superstrates (textured F:SnO2). 
 
4-4-2-2 AIT glass superstrates 
Figure  4-17 shows the haze values of the AIT superstrates. Among the 
AIT superstrates we can see that the samples with larger  𝜎𝑟𝑚𝑠 and smaller 
𝜏𝑐𝑙 feature a higher haze. However, comparing the AIT superstrate with 
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textured AZO superstrate (the reference), we observe that the correlation is 
not clear. The haze of the reference is larger than that of the AIT superstrates 
AIT-1 and AIT-2 at short wavelengths, but is smaller than all AIT superstrates 
at long wavelengths. 
 
Figure  4-17 Measured haze values of AIT samples after AZO deposition. 
Based on the work by Carniglia [107],  𝜎𝑟𝑚𝑠 is widely known as the 
surface property that controls the haze values. Although this is true in many 
cases, it is possible to find cases with the same roughness yet different haze 
values. For example in Figure  4-17, AIT-2 and AIT-3 superstrates have the 
same roughness and different haze values. As a result, a more accurate 
model is necessary to identify the haze value using the morphology of the 
samples. In Section  4-4-3, a new haze model is introduced and the 
correlation between the haze value and the morphology is discussed. 
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4-4-2-3 Textured TCO on textured glass: Superposition of 
submicron- and microtextured surfaces 
We expected higher haze values after additional texturing of the AZO 
deposited on AIT glass (double-texturing). Figure  4-18 confirms this 
expectation by comparing the haze values of the double-textured samples on 
different AIT glasses with AIT superstrates and the textured AZO superstrate 
(reference).  
 
Figure  4-18 Comparison of the haze value of the planar glass with etched 
AZO, AIT superstrates and double-textured superstrates on different AIT 
glasses. The graph also shows the sum of planar glass with etched AZO, and 
AIT samples with non-etched AZO.  
106 
The other interesting observation is that by adding the haze values of the 
AIT superstrate and the reference we can roughly estimate the behaviour of 
the double-textured sample. This was also true for the ARS values of the 
samples in Section  4-3-4 and the PSD functions of the samples in Section  4-
2-4-3. In the next section, it is shown that the haze values of the randomly 
textured samples are correlated with their PSD functions. Since we have 
already seen that the PSD functions of double-textured samples can be 
roughly found by adding the PSD functions of the textured AZO superstrate 
and the AIT superstrate, it is not surprising to see that the haze values are 
also “summable” based on the haze model proposed in the following section. 
 
4-4-3 Calculating haze into air 
4-4-3-1 Introduction: Is σrms sufficient for calculating haze? 
As mentioned before, the first approach for the haze calculation is 
Carniglia’s equation [107]. In this equation the amount of scattered light in 
reflection is considered to be equal to (1 −  𝑅𝑐𝑜ℎ ). 𝑅𝑐𝑜ℎ is coherent reflection. 
Assuming that the vertical height function of the surface is distributed 
normally, the amount of coherently reflected light for normal light incidence 
was proposed by Carniglia [107]. Hence haze in reflection is calculated using: 
 
𝐻𝑅 = 1 − 𝑒𝑥𝑝 �− �4𝜋𝜎𝑟𝑚𝑠𝑛2𝜆 �2�       ( 4-5) 
 
The equation can be converted to haze value in transmission considering 
the transition of 2𝜋𝜎𝑟𝑚𝑠×2𝑛2
𝜆
 →  2𝜋𝜎𝑟𝑚𝑠(𝑛1−𝑛2)
𝜆
 for normal incidence [57]. 
Equation ( 4-6) shows the resulting equation for haze in transmission for 
normal incidence. 
  
𝐻𝑇 = 1 − 𝑒𝑥𝑝 �−�2𝜋𝜎𝑟𝑚𝑠(𝑛1−𝑛2)𝜆 �2�    ( 4-6) 
107 
 
𝐻𝑇 is the haze in transmission, n1 and n2 are the refractive indices of the 
two media on either side of the scattering interface, and λ is the light wave-
length in vacuum. One of the initial assumptions of for deriving Equation  4-5 
is the morphology criteria of 𝜎𝑟𝑚𝑠 𝜏𝑐𝑙⁄ ≪ 1. Apart from that, the equation has 
two more important shortcomings: 
 The equation cannot differentiate between the haze value of the 
samples with same 𝜎𝑟𝑚𝑠 and different 𝜏𝑐𝑙.  
 The opening angle of the haze measurement is not considered  
 
 
Figure  4-19 Schematic illustration of the error induced in the measurement via 
the opening angle of the haze measurement. 
During haze measurements, as can be seen from Figure  4-19, some 
fraction of light within the angle 2∆𝜃 (i.e. the opening angle) escapes from the 
opening port of the integrating sphere on the right side. This fraction of light 
consists of both coherent and incoherent light transmitted by the sample. In 
the haze measurement this fraction of light is considered as directly trans-
mitted. In our experiments, the haze value was measured with an opening 
angle of 8 degrees. However, Equation ( 4-6) only considers the coherently 
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transmitted part of the escaped light. As a result, the haze equation (Equation 
( 4-6)) overestimates the measured haze value. 
Figure  4-20 shows the measured haze values (symbols) of the four 
investigated AIT glass samples, as well as the calculated haze values (solid 
lines) based on Equation ( 4-6). As can be seen from Figure  4-20(a), Equation 
( 4-6) accurately reproduces the haze behaviour of the sample with the lowest 
roughness and the largest autocorrelation length. However, the equation can’t 




Figure  4-20. Haze in transmission for the four AIT samples of Figure  4-4 
(before AZO deposition). The symbols show the measured data, while the 
lines show the haze calculated from Equation ( 4-6).  
 
In addition, Equation ( 4-6) predicts the same haze for samples with equal 
rmsσ . Experimentally I find, as shown in Figure  4-20(b), that samples AIT-3 
and AIT-2 have different haze values despite having the same rmsσ . 
Since Equation ( 4-6) only predicts the haze value for small 𝜎𝑟𝑚𝑠 𝜏𝑐𝑙⁄  
ratios, it was modified in order to better reproduce experimental measure-
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ments. Different groups used different fitting factors to describe scattering in 
thin-film solar cells [57]. For example, Zeman et al. [57] introduced two fitting 
factors C and m, as shown in Equation ( 4-7). Krc et al. [68] used similar fitting 
factors for predicting the scattering behaviour in hydrogenated amorphous 
silicon (a-Si:H) solar cells. They changed the fitting factors to C = C(λ) and 
m = 3 [78] to achieve a better fit with the experimental results. However, the 
physical meaning of the fitting factors was not explained. 
 




















λσπ 212exp1    ( 4-7) 
 
Using these fitting factors, it is possible to fit the haze equation with the 
measured haze values. However, since these two fitting factors are not 
physically interpretable, it is not reliable to use them to predict the haze value 
at the interface with the absorbing materials (e.g. a-Si:H). In Section  4-4-3-3-
1, I show that an equivalent of the fitting factor 𝐶(𝜆) can be analytically 
calculated. 
 
4-4-3-2 Is it possible to calculate haze using ARS for AIT glass? 
As mentioned in Chapter 2, angular resolved scattering (ARS) can be 
calculated based on the AFM image of the textured surface and the optical 
constants of the two media separated by the textured interface. The ARS 
value of the AIT glass samples as well as the simulated scattering behaviour 
based on the approach by Domine et al. [50, 89] using the AFM images of the 
textured surfaces was presented in Figure  4-12.  
Domine et al. [89] proposed to use the angle resolved scattering ARS(φ, 
θ) of the scattered light (φ and θ are azimuth and polar angle in spherical 
coordinates, respectively) to calculate the haze via equation ( 4-8). ARS is 
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defined as the ratio of the power scattered into a small solid angle 
(normalised to that solid angle) and the incident power [153]. A detailed 
explanation of how the ARS is calculated can be found in Ref. [89]. For a 
random homogenous textured surface (in which for a constant θ we expect 
the same amount of scattering for all φ), the integration of the ARS over the 







H θ      ( 4-8) 
 
Δθ is the maximum scattering angle of the direct transmission in the haze 
measurement. Domine [50] has pointed out the limitation of the ARS 
calculation method in his thesis as: 
 The method does not include multiple scattering and shadowing 
effects, which typically occur if λσ >> . 
 The distances from the surface equal to or smaller than λ cannot be 
assessed as the method is not based on a near-field theory 
 Using the ARS function of the samples for each wavelength, the haze in 
transmission for the textured surface from medium 1 into the medium 2 can 
be calculated using the refractive indices of the two media. Figure  4-21 shows 
the haze value calculated using ARS (Equation ( 4-8)) along with the 
measured haze in transmission from glass to air for the samples presented in 




Figure  4-21. Simulated haze in transmission for four AIT samples. The 
symbols show the measured haze, while the lines show the simulated haze 
using the calculated ARS of the samples. a) Samples AIT-4 and AIT-1 with 
different σrms; b) Samples AIT-3 and AIT-2 with the same σrms.  
As can be seen, the method predicts the haze value correctly for sample 
AIT-1 (which has a low roughness). It also differentiates the haze value of 
samples AIT-3 and AIT-2 (which have the same 𝜎𝑟𝑚𝑠 but different auto-
correlation length). However the method overestimates the haze value for 
sample AIT-4, which has a large 𝜎𝑟𝑚𝑠 𝜏𝑐𝑙⁄  ratio. This overestimation is due to 
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the paraxial approximation in the ARS estimation. This is also seen in the 
ARS of Figure  4-12.  
 
4-4-3-3 The new equation for haze calculation 
4-4-3-3-1 Considering the opening angle 
Considering the incoherent light scattered outside the opening angle, 
Simonsen et al. [116] provided an analytical solution for the haze equation, 
which was derived from the phase perturbation theory. For the surface 
profiles with large autocorrelation lengths, this equation is the same as the 
Kirchhoff approximation (used in Equation ( 4-6)). The general form of the 
proposed equation for haze is derived for both transmission and reflection, for 
arbitrary angles of incidence and media. However, in the following I only 
consider the specific case of normal incidence. In this case the analytical 
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where ε1 and ε2 are the dielectric constants of the two media and Δθ is 
half of the opening angle of the haze measurement. In this equation, for 
normal incidence, 𝐺(𝜏𝑐𝑙) is: 
 














2 2q  is the momentum interval showing the changes in 
the lateral momentum of the scattered light within the opening angle, and 𝜏𝑐𝑙 
is the autocorrelation length. The analytical solution for the haze equation in 
this case requires an analytical function for the 1-D PSD of the surface. In this 
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haze equation the incoherent light that falls within the opening angle of the 
haze measurement is considered. Hence it differentiates the haze value of 
the samples with the same roughness and different autocorrelation lengths. 
However I found that it cannot yet correctly reproduce the measured haze of 
the sample with the large 𝜎𝑟𝑚𝑠 𝜏𝑐𝑙⁄  (i.e. sample AIT-4). 
Using Equation ( 4-9), it is possible to suggest an analytical solution for 
the fitting factor of Equation ( 4-7) which is widely used for evaluating the haze 
value. For non-absorbing materials, Equations ( 4-7) and ( 4-9) are identical if 
m = 2 and 
 
( ) ( ) θ
λ
τ
λ ∆−= SinGnC cl221      ( 4-11) 
 
As we see, the analytical function for C(λ) is also a function of n2, or, in 
the case of absorbing media, the dielectric function of the second medium. As 
a result, C(λ) calculated with Equation ( 4-7) for the interface with air cannot 
be used for calculating the transmission haze into another medium with a 
different dielectric function. I show in Section 4-1 that the correction factor 
C(λ) affects the haze particularly strongly at short wavelengths. 
 
4-4-3-3-2 Considering the relevant roughness 
AIT glass samples scatter a significant fraction of the light into small 
angles. The PSD function of these types of randomly textured surfaces has a 
high power in low spatial frequencies. For light scattering of such a textured 
surface, the relevant roughness for scattering of a specific wavelength is 
defined by Harvey et al. [92]. They argue that rmsσ  used in Equation ( 4-6) 
should be calculated within the relevant band width using the PSD function. In 
general, rmsσ can be calculated using either the root mean square of the 
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height distribution profile (distributed around zero mean value) or the discrete 
sum of the PSD function of the same height profile averaged over the surface 
area [91]. As a result, the 2D-integral of the 2D-PSD function is equal to the 
variance or σ2. Harvey et al. explained that, for normal incidence, the portion 
of the 2D-PSD function related to the spatial frequencies greater than 1/λ 
produces evanescent waves which are irrelevant for scattering of wavelength 




2 (𝜆) = 2𝜋 ∫ 𝑃𝑆𝐷(𝑓) 𝑓 𝑑𝑓1 𝜆⁄𝑓=0      ( 4-12) 
 
In order to calculate 𝜎𝑟𝑒𝑙, again an analytical function for the 2D-PSD is 
needed. This function was discussed in Section  4-2-3.  
Using 𝜎𝑟𝑒𝑙 instead of rmsσ in Equation ( 4-6) we found that, although the 
equation reproduces the measured haze at long wavelengths for all the 
samples, there are considerable differences at short wavelengths. The reason 
is that the model does not consider the opening angle in the haze measure-
ments. The shorter wavelengths are scattered more strongly by the textured 
interface. As a result, the sum of the incoherent light which falls within the 
opening angle of the haze measurement is larger. As explained, this 
incoherent light contributes to the error in calculating the measured haze.  
 
4-4-3-3-3 Considering both opening angle and σrms 
In order to eliminate the limitations of Equations ( 4-6) and reproduce the 
measured haze more accurately, I show that the opening angle of the haze 
measurement should be considered using Equation ( 4-9) and rmsσ  should 
be replaced with relσ  calculated using Equation ( 4-12).  
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Here, using the proposed PSD equation, Equations  4-10 and  4-12 are 
solved in order to calculate 𝐺(𝜏𝑐𝑙) and 𝜎𝑟𝑒𝑙, respectively. 
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 Using Equations  4-11 and  4-13, C(λ) is calculated for the different 
samples shown in Figure  4-4. The results are shown in Figure  4-22(a). 
According to this figure, C(λ) is smaller for the samples with larger auto-
correlation length. Comparing samples AIT-3 and AIT-2 with the same 
bandwidth limited 𝜎𝑟𝑚𝑠, we can see that C(λ) drops faster at short 
wavelengths for the sample AIT-2, which has the larger autocorrelation 
length. Therefore, even though these two samples have the same 𝜎𝑟𝑚𝑠, 
AIT-2 has a smaller haze value in the short wavelength region.  
Figure  4-22(b) shows 𝜎𝑟𝑒𝑙 (Equation  4-14) for the samples. Sample AIT-4 
and AIT-1 with the largest and smallest 𝜎𝑟𝑚𝑠, respectively, show the largest 
and smallest 𝜎𝑟𝑒𝑙 for all wavelengths. 𝜎𝑟𝑒𝑙 decreases towards longer 
wavelengths for all samples. This is expected, since the upper limit of the 
integral in Equation  4-12 is decreasing and the relevant area of the PSD is 





Figure  4-22 (a) C(λ) is the calculated fitting factor using Equations  4-13 
and  4-11. (b) The relevant roughness σrel(λ), using Equation  4-14.  
An analytical solution of the haze equation that considers the opening 
angle of a haze measurement is given by Equations ( 4-9) and ( 4-13). 
Comparing the calculated haze of Equation ( 4-9) as well as C(λ) for the 
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samples in Figure  4-22(a), I concluded that the opening angle factor reduces 
the haze value in the short-wavelength region. However, I observed that only 
considering the opening angle (or, alternatively, C(λ)) the haze value cannot 
be calculated accurately at long wavelengths. It was also observed that 
considering the opening angle, Equation ( 4-9) successfully distinguishes 
between the haze values of samples with the same roughness but different 
autocorrelation length (AIT-3 and AIT-2), however, the method is unable to 
correctly predict the haze value of sample AIT-4 with large 𝜎𝑟𝑚𝑠 𝜏𝑐𝑙⁄  ratio.  
As described in Section 3-2, according to Harvey et al. [92] the correct 
calculation of the haze value requires the consideration of the relevant 
roughness relσ  for scattering of the wavelengths of interest. It can be seen 
from Figure  4-22(b) that the relevant roughness decreases with increasing 
wavelength for the investigated samples. Consequently, the calculated haze 
value is overestimated if we use the total roughness totσ  in the haze 
equation. In order to achieve a good fit of the measured haze value, I propose 
Equation ( 4-15) which considers both the opening angle of the haze 
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Figure  4-23 shows the calculated haze value using Equation ( 4-15).The 
graphs show that this method reproduces the haze correctly for a wide range 
of roughnesses and autocorrelation lengths of our AIT samples. This 
indicates that Equation ( 4-15) is a valid description of haze for textured 
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interfaces with relatively large autocorrelation length as well as large 




Figure  4-23. Haze calculated using Equation ( 4-15). Here, both the incoherent 
light scattered inside the opening angle of the haze measurement as well as 
the relevant roughness for the scattered wavelength are considered. The 
parameters used for the fitting were summarized in Table  4-1. 
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It should be noted that I have assumed the PSD equation (Equation 
( 4-2a)) is valid for the investigated randomly textured surface for C = 2. The 
general solution of all the parameters in this section for the general form of 
the PSD function is provided in Appendix A. Since Equation ( 4-15) is a 
general solution for arbitrary materials (absorbing and non-absorbing), haze 
can be calculated with this method for all interfaces in a thin-film solar cell 
structure. The model was independently validated for a range of differently 
processed AIT samples and the equation was found to be able to successfully 
predict the haze value. 
 
4-4-4 Predicting the optimum feature size 
Equation ( 4-15) gives an analytical expression for the haze value of AIT 
interfaces. This expression allows determining optimum surface parameters 
(i.e. 𝜎𝑡𝑜𝑡 and 𝜏𝑐𝑙) in order to achieve the maximum scattering of the relevant 
wavelengths. As the absorption coefficient of a-Si:H drops very quickly with 
increasing wavelength, the relevant wavelengths for a-Si:H solar cells of 
standard thickness are around λ = 650 nm. Figure  4-24 shows the haze value 
calculated using Equation ( 4-15) for textured surfaces with different 𝜎𝑡𝑜𝑡 and 
𝜏𝑐𝑙 at λ = 650 nm. Figure  4-24(a) shows the haze value at the glass/air 
interface and Figure  4-24(b) the haze value at the AZO/a-Si:H interface. A 
conformal deposition of AZO is assumed for simplification. A thorough study 
of the haze value after AZO deposition can be considered for future studies. 
As expected, increasing roughness increases the haze value for all auto-
correlation lengths for both situations depicted in Figure  4-24. In addition, we 
can see that there is an optimum autocorrelation length for a constant 
roughness which provides the largest haze value. According to Figure  4-24, 
the maximum haze values for λ = 650 nm at the glass/air and AZO/a-Si:H 
interfaces occur for autocorrelation lengths of 500 and 320 nm, respectively. 
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For the sample with maximum haze (AIT-4), I have experimentally achieved 
the highest short-circuit current among the investigated samples. The 
experimental results are presented in section  6-2. 
 
Figure  4-24. Calculated haze values at λ = 650 nm as a function of intrinsic 
roughness σtot and autocorrelation length. Graphs show the transmission 
haze value of a) glass (n1 = 1.5) into air (n2=1), and b) AZO (n1 = 2) into 
a-Si:H (n2 = 4). 
122 
According to Figure  4-24, the optimum autocorrelation length is 
independent of the intrinsic roughness. Solving 0=ld
Hd T  in order to analytically 
find the optimum autocorrelation length, we find that this value depends on 
the wavelength, the dielectric constant of the second medium, but not on the 
intrinsic roughness. This result implies that roughness and autocorrelation 
length can be optimised independently, in theory. In the experimental setup, 
while the maximum surface roughness can be determined fabricating solar 
cells on textured superstrates with different roughness, the criteria for 
maximum scattering are defined by finding the optimum average lateral 
feature size (autocorrelation length).  
4-5 Future Work 
In this work only the AIT glass morphology is considered for verification 
of the haze model. It is very likely the equation can also be applied to other 
non-Gaussian surfaces (i.e. surfaces with non-Gaussian height distribution) 
since (i) the AIT morphology does not normally have a Gaussian height dis-
tribution function and (ii) the PSD function of the surface is used in the 
equation rather than the 𝜎𝑟𝑚𝑠. In the future work, the provided haze calcu-
lation method can be experimentally validated for other surface morphologies. 
In this study, AIT glass was mainly used to prove the scattering 
properties (both haze and ARS) for a-Si:H cells. However, since the morpho-
logical properties of AIT glass can be controlled and designed, this type of 
texturing can be useful in light trapping in other thin-film silicon solar cells. In 
addition, the AIT morphology is known for scattering for long wavelength 
region. Since the long wavelength scattering becomes more important in 
other thin-film solar cells like micromorph or µc-Si:H, it would be interesting to 
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use AIT glass with different morphology that is suitable for showing light 
trapping in other thin-film silicon solar cells. 
Furthermore, it is clear from his study that double-textured surfaces have 
great potentials for light scattering into larger wavelength ranges. Based on 
the data presented in this work it is clear that by designing a proper morpho-
logy for AIT glass and textured TCO, it is possible to define the optimum 
criteria for maximum scattering wavelength range. However, a further study of 
double-textured surfaces was not within the scope of this study. It is highly 
recommended to extent the haze model presented in this study for double-
textured surfaces. Such an attempt might give a better insight on the optimum 
morphology for these superstrates. 
4-6 Summary 
This study explored the scattering properties of AIT glass using both 
experiments and simulations. AIT glasses with different morphologies suitable 
for a-Si:H cell fabrication were chosen for this purpose. The AIT method is an 
innovative texturing method which has been patented by Aberle et alia [84]. 
ARS properties of the AIT samples were investigated and compared with 
textured TCO. It was found that the ARS of AIT glass is correlated to the PSD 
function and, hence, can be controlled by the morphological properties of the 
textured surface. In general, it was shown that AIT with larger roughness and 
smaller lateral feature size provides larger scattering into larger angles. One 
of the key contributions of this study is the comprehensive investigation of the 
ARS values of AIT glass which have not been investigated in other studies. In 
addition, the study provides an important insight on the effect of morpho-
logical factors of the textured surface on the scattering properties of AIT glass 
for light trapping purpose in thin-film silicon solar cells.  
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In this regard, the PSD functions of the AIT glass, AIT superstrate and 
double-textured superstrates are shown and compared. It was shown that 
using the PSD function, the textured samples can be qualitatively compared 
in terms of scattering. Samples with larger PSD values at high spatial 
frequencies show larger scattering into large angles. It was also shown that 
the integrated value of the PSD function up to the spatial frequency of 1 𝜆⁄  is 
correlated with the total amount of scattered light with wavelength 𝜆. 
It was shown that the PSD function of a double-textured superstrate is 
the sum of the PSD function of the textured glass and the textured TCO. It 
was also shown that this additive property holds for the two scattering 
properties, i.e. ARS and haze. 
Furthermore, the ARS of the AIT glass, AIT superstrate and double-
textured superstrates were shown and compared. It was shown that AIT glass 
samples with large 𝜎𝑟𝑚𝑠 and small 𝜏𝑐𝑙 have larger scattering into larger 
angles. ARS was also calculated using the method that was explained in 
Chapter 2. The measured ARS into air was used to validate the ARS 
calculation model for AIT glasses and AIT superstrates. The model will be 
used in Chapter 6 to calculate ARS into the absorber material i.e. a-Si:H. 
 In addition, the haze values of the AIT glass, AIT superstrates and 
double-textured superstrates were investigated. It was shown that the 
available models cannot accurately predict the haze values of AIT samples. 
The reason is: these samples scatter light into small angles due to their large 
lateral feature size. In this work a method was introduced to model the haze 
of AIT glass samples. In a first step, I discussed different methods of haze 
calculation that are in use in the solar community. I showed the limitations of 
these equations by using them to calculate the haze of four different AIT glass 
samples and compared the obtained results to haze measurements. In 
addition, in order to find the haze equation with the correct roughness and 
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opening angle, I used an equation for the PSD function of the investigated 
surfaces. I used this equation to derive correction functions for the opening 
angle and the relevant roughness for haze calculation. Using these correction 
functions, I defined a new haze equation which is capable of calculating the 
haze of AIT glass superstrates for a-Si:H solar cells. I validated the method 
using experimental data. The developed equation suggests that the correction 
factor for the opening angle depends on the optical constants of the material 
into which the light is scattered. 
Furthermore, the developed method was also used to define the optimum 
autocorrelation length for achieving maximum scattering. This autocorrelation 
length can be found for scattering of any specific wavelength into the desired 
medium. For the case of standard a-Si:H thin-film solar cells, scattering is 
most relevant for wavelengths around 650 nm. To this wavelength corres-
ponds an autocorrelation length for AIT glass of 320 nm.  
This study is the first that defines the optimum lateral feature size for 
maximum scattering into silicon using an analytical haze equation. A major 
significance of the equation is that both vertical and lateral morphological 
factors of the textured surface are reflected in the equation. This allows 
finding the optimum morphological properties for maximum scattering into any 
given textured substrate. In general, the provided haze equation provides a 
significant improvement on understanding of the scattering behaviour of 
textured superstrates.  
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Chapter 5 Optical study: Can AIT glass enhance optical absorption 
in thin-film silicon layers? 
 
Originally, the AIT method provided a randomly textured glass surface 
that has shown promising scattering properties for poly-Si thin-film solar cells 
[64, 88]. The thickness of these poly-Si thin-film solar cells is about 2-3 µm. 
Within this thesis, it shall be investigated whether the randomly textured AIT 
glass is also able to enhance optical absorption in thin-film amorphous or 
micromorph solar cells (with a typical a-Si:H absorber layer thickness of ~300 
nm).  
In this chapter, the optical absorptance of a-Si:H films and solar cell 
precursors on AIT glass superstrates is investigated. The study is divided into 
two main parts: In the first part (Section  5-1) the optical absorption enhance-
ment of a-Si:H layers on AIT glass is studied. The study investigates the 
optical absorption enhancement due to scattering from AIT glass by perform-
ing a layer by layer deposition of a-Si:H solar cell structure and absorption 
measurement after each deposition. Within this study, these layers on the 
superstrates are called solar cell precursors. The second part (Sections  5-2 
and  5-3) compares the optical absorption enhancement of the full a-Si:H solar 
cell structure on textured AZO superstrates, AIT superstrates and double-
textured superstrates. Absorption enhancement of a micromorph solar cell 
structure on these textured superstrates is also briefly presented.  
5-1 Optical absorption enhancement in solar cell precursors 
5-1-1 Introduction 
This section investigates whether it is possible to use AIT glass as a 
superstrate for a-Si:H thin-film solar cells in order to enhance the optical 
absorption [152]. In this section, the aluminium-induced texturing (AIT) 
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method [73, 84] was used to texture soda-lime glass sheets. For comparison, 
planar glass sheets are also included in the experiments. Please note that 
only the AIT glasses used in Section  5-1 were made from soda-lime glass 
(with a thickness of 3 mm). Using soda-lime glass, the resulting texture after 
the AIT process is laterally less homogeneous and it is harder to control the 
features sizes. Soda-lime glass is thus only used in this Section 5-1 
(presenting early obtained results). In all other sections of this PhD thesis, the 
various AIT glass morphologies were made on borosilicate glass (as 
presented in Chapter 4). Although the roughness and autocorrelation length 
of the processed AIT glasses in this section are not within the optimized 
range of the AIT glasses (i.e. they are not similar to those presented in 
Chapter 4, Section  4-4-4), the layer-by-layer study of this section still provides 
a good understanding of the potential absorption enhancement of thin solar 
cell precursors based on thin-film a-Si:H solar cells fabricated on AIT glass. It 
also provides a good insight on the parasitic absorption that causes optical 
losses in a p-i-n a-Si:H cell configuration. These samples were used for a 
preliminary study, to understand the scattering properties and limitations of 
the AIT glass for a-Si:H solar cell fabrication. The optimized samples of 
Chapter 4 were fabricated based on the understanding I developed based on 
these preliminary studies. The optimum morphology for maximum optical 
scattering was investigated in Chapter 4. The corresponding absorption 
enhancement for the optimum morphology is then presented in Section  5-2. 
Soda-lime glass sheets were textured on the silicon-facing surface with 
the AIT method [84]. Details on the preparation of AIT glass are given in the 
methodology chapter and also can be found in the literature [73, 84, 154]. 
Figure  5-1 shows an AFM image of a textured glass surface used in this 
section. The typical lateral feature size of AIT glass is larger than that of the 
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available textured TCOs. As a result, it is important to investigate whether the 
AIT glass enhances the optical absorption in a-Si:H thin-film solar cells.  
 
 
Figure  5-1 AFM image of the AIT sample after TCO deposition. The left image 
shows the 2D top view and the right image shows the 3D projection of the 
AFM measurement. The Z axis scale is not proportional to the scales of the X 
and Y axis. 
A layer-by-layer study is performed, enabling the determination of the 
optical properties of complete a-Si:H p-i-n precursor structures as well as their 
building blocks. In order to comprehensively study the effect of the AIT glass 
texture on the absorptance of amorphous silicon thin-film solar cells, 
experiments were performed to investigate the optical absorptance of intrinsic 
a-Si:H films as well as p-i-n a-Si:H solar cell precursors on such glass sheets. 
For comparison, the same experiments were also performed on planar glass 
sheets. The haze value of the used AIT glass sheets was about 50 %. 
Although the autocorrelation length of the sample is quite large (~2.5 µm), a 
large haze value was obtained due to the large root mean square roughness 
of the sample, i.e. 𝜎𝑟𝑚𝑠 = 128 𝑛𝑚. The detail of the experimental setup as 
well as the weighted absorption enhancement is explained in Chapter 3, 
Section  3-1-2. 
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5-1-2 Optical absorption enhancement in intrinsic a-Si:H layers 
Figure  5-2 shows the measured absorptance of a single intrinsic a-Si:H 
layer on planar glass and on AIT glass (see Figure  5-1(a)), for an a-Si:H film 
thickness of (a) 115 nm and (b) 270 nm. Clearly, for both Si film thicknesses, 
the AIT glass produces a significant optical absorptance enhancement of the 
samples, at both long and short wavelengths. The optical bandgap of both 
a-Si:H films was calculated from transmittance and reflectance data of planar 
samples using the method described in Ref. [156], giving a value of about 1.7 
eV for both films.  
Table  5-1 shows the solar weighted average absorptances 𝐴𝑤 of the 
samples as calculated using Equation  3-6, as well as the equivalent current 
density of the absorptance 𝐽𝑒𝑞𝑣. The absolute difference between the 𝐴𝑤 of 
the planar and textured glass is presented as ∆𝐴𝑤. The enhancement in 




Figure  5-2 Measured total optical absorptance of glass/a-Si:H (intrinsic) 
samples on planar glass and AIT glass. The intrinsic a-Si:H layer has a 
thickness of (a) 115 nm and (b) 270 nm. The structure of the textured sample 
is shown in Figure  5-1(a) and (b) [152]. The equivalent current Jeqv with the 
total absorptance is also mentioned for each absorptance curve. 
Table  5-1: Weighted average absorptance Aw (weighted by the solar 
irradiance AM 1.5-G spectrum) of the four samples of Figure  5-2, integrated 
over the wavelength range 400-800 nm. Also shown are the absorptances of 
the bare (i.e., non-coated) glass sheets. 
Thickness 
(nm) 
𝐀𝐰 (%) ∆𝐀𝐰 
(%abs) 









0 0.2 2.3 N.A. N.A. N.A. N.A 
115 29.1 35.7 6.6 7.79 9.49 1.7 




It can be seen that by using the AIT glass, 𝐴𝑤 increases by 6.6 %abs (% 
absolute) and 5.6 %abs, corresponding to an absorbed photocurrent enhance-
ment of 1.7 and 1.4 mA cm-2 for the two a-Si:H film thicknesses used (115 
and 270 nm, respectively).  
Since the absorption difference of planar and AIT glass without any film is 
quite small (2.1 %abs), the gain in optical absorptance is mainly due to the 
increased optical pathlength in the silicon film. From Table  5-1 we can see 
that the weighted absorptance of the AIT sample with a 115 nm thick a-Si:H 
film is almost the same as that of a 270 nm thick a-Si:H film on planar glass. 
Thus, to absorb the same number of photons in an a-Si:H film on an AIT 
glass sheet requires less than half the thickness of the a-Si:H film deposited 
onto the planar glass sheet.  
 
5-1-3 Optical absorption enhancement in a-Si:H solar cell 
precursor layers 
Given the fact that the AIT glass enhances the optical absorptance in an 
intrinsic amorphous silicon film, I proceeded to perform a layer-by-layer 
deposition of a-Si:H solar cell structures. Figure  5-3 shows the optical 
absorptance of the thin-film precursors on planar glass. The i-layer thickness 
is 115 nm. As expected, AZO which is deposited as the front transparent 
electrode does not absorb strongly (𝐴𝑤 = 4.2 %). On the other hand, the 
p-layer on top of the AZO absorbs 𝐴𝑤 = 14.3 %.  
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Figure  5-3 The optical absorptance of different layers on planar glass. The 
i-layer thickness is 115 nm. Also shown is the equivalent current of each 
absorptance curve.  
It is important to notice that most of the absorption occurs at short 
wavelengths (400-500 nm). Since only the photons that are absorbed in the 
intrinsic layer can be collected in a-Si:H solar cells, the light absorbed 
anywhere in the solar cell structure other than in the i-layer is considered as 
parasitic absorptance. As a result, the large absorptance in the p-layer in the 
short wavelength range shows the importance of optimizing the p-layer 
thickness as well as changing the p-layer material to less absorbing materials. 
One example for such a material is hydrogenated microcrystalline silicon 
(µc-Si:H), which was used to generate the results presented in the next 
section. 
As expected, adding an i-layer and an n-layer increases the absorptance. 
However, we can see that adding the back contact AZO layer decreases the 
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absorptance, especially at long wavelength. This is due to the fact that the 
refractive index of AZO is between the refractive indices of a-Si:H and air. As 
a result, AZO acts as an antireflective layer and guides the incident light out 
of the structure. In other words, after AZO deposition, less light is reflected 
back into the a-Si:H layer at the interface with AZO. As a result I assume that 
the absorption in this structure is less influenced by the second scattering 
event at the back surface. The reduction in the total absorptance can be seen 
more clearly in Figure  5-4. 
 
Figure  5-4 Weighted absorptance of different solar cell precursors on planar 
and AIT glass. 
Figure  5-4 shows the weighted absorptance (𝐴𝑤) of different precursors 
deposited on planar glass and AIT glass. The graph has an additional y-axis 
on the right side to show the equivalent current. The graph in Figure  5-4 is 
divided to two parts. In the left part of the graph the i-layer thickness is 115 
nm, while it is 270 nm in the right part. All the a-Si:H precursors that are 
shown with the same colour in the image were deposited in the same run.  
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It is necessary to mention that the absorption of different precursors 
should not be compared (only the data point with the same colour can be 
compared). A direct comparison of different precursors is not possible, 
because depositing a new layer on the structure at each step changes the 
amount of light absorbed in all the layers because of the reflection and 
transmission of the newly added interfaces. Hence for example absorption 
enhancement in i-layer cannot be found by subtracting the absorptance of 
AZO+p precursor from AZO+pi precursor. However assuming the interface 
properties holds for the same precursor on planar and AIT glass, it is possible 
to observe absorption enhancement due to texturing. 
As can be seen in the figure, the absorption is increased in all the a-Si:H 
solar cell precursors after texturing the glass. This is an indication that AIT 
samples can be used for light scattering into a-Si:H solar cells. Comparison of 
absorption in AZO and AZO+p precursors on planar and AIT glass shows that 
scattering at textured interfaces increase the parasitic absorptions in AZO and 
p-layer. Hence, it is very important to use a transparent window layer and 
front electrode. A closer look at the absorptance of AZO+pin+AZO precursors 
in the graph shows that the absorptance of the precursor with i-layer thick-
ness of 115 nm on AIT glass is almost equal to the absorptance of the 
precursor with i-layer thickness of 270 nm on planar glass. In other words, a 
thin intrinsic a-Si:H layer on AIT glass results in the same absorptance as a 
much thicker layer on planar glass. As explained, the purpose of light trapping 
is to enhance the absorption in the intrinsic a-Si:H absorber layer, so we can 
decrease the thickness of the a-Si:H layer accordingly (leading to more stable 
a-Si:H thin-film solar cells). 
In Section  5-2, the optical absorptance of full solar cell structures on AIT 
glass is presented. It is shown that AIT superstrates (AIT glass with un-etched 
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AZO) can perform as well as the conventional texture-etched AZO super-
strates. 
 
5-2 Optical absorption enhancement in a-Si:H thin-film solar cells 
5-2-1 a-Si:H solar cells deposited on a planar glass superstrate 
As discussed in the previous section, parasitic absorption plays an 
important role for the current that can be generated by an a-Si:H solar cell. In 
this section the detailed optical absorption loss in each layer as well as the 
reflection loss from a planar a-Si:H solar cell structure (including a silver back 
reflector, Ag) is discussed. The solar cell structure is: Glass/ AZO/ p µc-Si:H/ 
p µc-SiO:H/ intrinsic a-Si:H/ n µc-Si:H/ AZO/ Ag. As already mentioned, the 
glass used for this study is 0.8 mm thick borosilicate glass. The planar 
glass/AZO reference superstrate is called P-Ref in this section. Figure  5-5 
shows the schematic of the solar cell.  
 
Figure  5-5 Schematic drawing of the full a-Si:H solar cell structure on planar 
reference superstrate P-Ref (not to scale). 
The double p-doped window layer was designed and optimized for 
minimum light absorption. The line-symbol curve in Figure  5-6 shows the 
measured total optical absorptance of the a-Si:H cell deposited on the planar 
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superstrate, as derived from the measured total reflectance. The total 
absorptance is simply calculated by: Total absorptance = 1 - total reflectance.  
 
Figure  5-6 ASA calculated total reflectance and absorption in each layer of 
the a-Si:H solar cell on planar glass.  
In order to simulate the total reflection and absorption in each layer, the 
ASA software (Advanced Semiconductor Analysis) [57, 78, 146, 147] is used. 
The input parameters for the simulations are the thickness as well as the 
refractive index and extinction coefficient (n and k) values of each layer. The 
wavelength dependent n and k values of the AZO layer were taken from 
[157]. The wavelength dependence of n and k for the a-Si:H layers were 
measured by S. Kirner and can be found in his PhD thesis [46]. It was 
assumed that the glass does not absorb the light within the shown wave-
length range and the refractive index of glass is considered as constant (n = 
1.5). The thicknesses of the different layers of the solar cell structure are fitted 
using the n and k values of each layer and the total reflectance using the 
CODE software [144] (see Chapter 3). The resulting thicknesses of the 
various layers are listed in Table  5-2. 
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Table  5-2 Thicknesses and Jeqv of different deposited layers in the solar cell 















(nm) 676 5 18 237 38 80 185 
𝑱𝒆𝒒𝒗 
(mA/cm2) 2.1 0.4 0.6 14.6 0.3 0.1 0.1 
 
Figure  5-6 also shows the simulated cumulative absorptance of different 
layers. Since the is no transmission from the total solar cell structure, the sum 
of the absorption in all layers of the solar cell structure is equal to the total 
optical absorptance. We can see that the simulated absorptance fits well with 
the measured absorptance. Therefore it is possible to calculate the equivalent 
current that is absorbed in each layer of the solar cell structure (presented in 
Figure  5-6 and listed in Table 5-2). As we can see, most of the current is lost 
due to the total reflectance (8.7 mA cm-2). The absorption losses in the front 
AZO and the p-doped layers (2.1 mA cm-2 and 1.0 mA cm-2, respectively) also 
play an important role in the current loss, especially for photons with a 
wavelength of < 450 nm. The equivalent current of the absorption in the 
intrinsic a-Si:H layer suggests an upper limit for the short-circuit current of the 
cell (14.6 mA cm-2). As we can see, the absorption losses in the long-
wavelength region (for photons with a wavelength in the 600-800 nm range) 
are less significant (amounting to 0.5 mA cm-2 in total) compared to the 
absorption in the intrinsic a-Si:H layer (14.6 mA cm-2). As a result, we can 
expect that any optical absorption enhancement in this wavelength region due 
to scattering will result in a short-circuit current enhancement.  
In the next section, the same solar cell structure is deposited on AIT 
superstrates as well as a textured AZO superstrate (in the same deposition 




5-2-2 a-Si:H solar cells deposited on AIT glass superstrates 
The AIT superstrates, the planar superstrate and the textured AZO 
superstrate that are used in this study have already been described in 
Chapter 4, i.e. Figure  4-4. As explained before, AIT superstrates were chosen 
to provide a representative set of different roughnesses and autocorrelation 
lengths. The planar superstrate (here called P-Ref) and textured AZO super-
strate (here called T-Ref) are used as references. P-Ref is a reference point 
for evaluation of the absorption enhancement due to scattering. T-Ref is 
chosen as a reference in order to evaluate whether scattering from AIT super-
strate can outperform textured AZO superstrates.  
Table  5-3 presents the root mean square roughness 𝜎𝑟𝑚𝑠 and auto-
correlation length, 𝜏𝑐𝑙, of the samples after AZO deposition. As explained 
before, autocorrelation length is a measure of the lateral feature size of the 
samples. The autocorrelation length is calculated using the PSD function of 
the AFM images (for further details see Sahraei et al. [158]). In this study, 
AIT-2 and AIT-3 were used to demonstrate the impact of autocorrelation 
length on the scattering properties; both samples have the same roughness 
but different autocorrelation length. The samples AIT-1 to AIT-4 are sorted 
according to increasing root mean square roughness 𝜎𝑟𝑚𝑠 and decreasing 
autocorrelation length 𝜏𝑐𝑙. The sequence is also correlated with measured 
current enhancement after a-Si:H solar cell deposition (the corresponding 
solar cell results of these samples are presented in Chapter 6).  
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Table  5-3 Morphological properties of the AIT superstrates. 
Sample code Sample description 𝛔𝐫𝐦𝐬 (nm) 𝛕𝐜𝐥 (nm) 
P-Ref Planar glass/ un-etched AZO 14 45 
T-Ref Planar glass/ etched AZO 43 124 
AIT-1 AIT glass/ un-etched AZO 67 795 
AIT-2 AIT glass/ un-etched AZO 74 499 
AIT-3 AIT glass/ un-etched AZO 74 362 
AIT-4 AIT glass/ un-etched AZO 81 324 
 
The roughness and autocorrelation length of the reference samples 
(P-Ref and T-Ref) are also given in Table  5-3. Please note that both rough-
ness and autocorrelation length of the T-Ref superstrate are smaller than the 
corresponding values of all the AIT superstrates. In other words, T-Ref has a 
different morphology type and thus a very different scattering characteristic, 
as already analysed in Chapter 4. The etching process of the superstrate 
sample T-Ref has been optimized for good scattering properties while mini-
mizing shunting issues. Concerning the P-Ref superstrate, small values of 
𝜎𝑟𝑚𝑠 and 𝜏𝑐𝑙 are observed (despite the fact that this should be a non-textured, 
i.e. flat superstrate), which is due to the AZO deposition. However, these 
small values are not expected to contribute to the scattering of the wave-
lengths of interest (600 - 800 nm).  
 
Figure  5-7 Schematic of the solar cell structure on textured AZO superstrate 
and AIT superstrates. 
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Solar cell structures are deposited on all the superstrates at the same 
time. Figure  5-7 shows the schematic of the solar cell structures on a) 
textured AZO and b) AIT superstrates. More details on the cell fabrication 
process can be found in Chapter 3. Since the structure consists of Ag back 
reflector layer, total absorptance of the solar cell is equal to (1- total 
reflectance). Figure  5-8 shows (1- total reflectance) for these samples. As we 
see total absorptance increases for samples AIT-1 to AIT-4. In addition, the 
total absorptance is larger for AIT superstrates than for the P-Ref. This is 
expected due to the scattering at the textured interfaces. By comparing 𝐽𝑒𝑞𝑣 
shown in Table  5-4, we can also see that total absorptance of AIT-4 super-
strate is comparable with T-Ref in the long-wavelength region (600-700 nm). 
This is an indication that light scattering due to the texture of the AIT-4 super-
strate into the solar cell structure is comparable with the T-Ref superstrate.  
 
Figure  5-8 Total absorptance of a-Si:H solar cells are compared for AIT 
superstrates, P-Ref and T-Ref. The inset in graph zooms into the wavelength 
range 300 - 600 nm. 
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Table  5-4 Equivalent current density Jeqv (mA/cm2) of the total absorption in 
short and long wavelength region presented for AIT superstrates and 
reference samples 
 Wavelength 
region (nm)  P-Ref  AIT-1  AIT-2  AIT-3  AIT-4  T-Ref 
400-600 10.84 10.81 10.91 11.04 11.16 11.09 
600-700 4.41 4.40 4.90 5.84 6.34 6.34 
 
On the other hand, looking at the 400-600 nm wavelength range (inset of 
Figure  5-8), we can see that the T-Ref sample shows no interference fringes. 
This indicates that the reflected light from the structure is completely 
incoherent and the textured interface has successfully randomized the light 
path. On the other hand, we can see that the a-Si:H solar cell on AIT-4 
absorbs more light in this wavelength region. This is reflected in 𝐽𝑒𝑞𝑣 of the 
wavelength region of 400-600 nm. This absorption enhancement is due to the 
different incoupling of light for the T-Ref samples and AIT samples. It means 
that the measured reflectance of the solar cell deposited on the AIT-4 
superstrate is smaller than if it was deposited on the T-Ref superstrate. A 
possible source of this effect is the graded refractive index at the textured 
interfaces. The rough interfaces are known to result in graded refractive 
indices, which in turn results in an antireflection effect and hence reduced 
total reflection [150]. For AIT glass there is one more textured interface (the 
glass/AZO interface) compared to T-Ref. This additional interface results in 
less total reflectance and more absorption in the solar cells on AIT super-
strates. This, in turn, shows that AIT superstrates have the potential to out-
perform superstrates using texture-etched AZO, concerning photon 
absorption enhancement due to light scattering. 
 
5-2-3 a-Si:H solar cells deposited on double-textured superstrates 
In the previous sections, the total optical absorptance enhancement of 
AIT superstrates with respect to a planar reference superstrate P-Ref was 
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investigated and compared to a standard textured reference superstrate 
T-Ref (consisting of planar glass and textured TCO). It was shown that an 
optimized AIT superstrate can perform as well as the T-Ref superstrate. 
Hence the process of wet-chemical TCO etching (in order to obtain the 
textured AZO used in the T-Ref superstrate) can be replaced by an AIT 
process to obtain textured glass superstrates. In this section, optical 
absorption enhancement of double-textured superstrates (Figure  5-9) are 
investigated, using the same a-Si:H solar cell deposition conditions as used in 
the previous sections. 
 
Figure  5-9 schematic drawing of a-Si:H solar cell on double-textured 
superstrate. 
Figure  5-10 shows the total absorptance of a-Si:H solar cells on double-
textured superstrates. The T-Ref superstrate (using planar glass and textured 
AZO) is also presented as a reference. Especially for wavelengths above 600 
nm, the absorptance of the total structure is increased by utilizing the double-
textured superstrates. It can also be seen that the total absorption gradually 
increases moving from double-textured superstrate made on AIT-1 glass 
towards the AIT-4 glass. Since the same etching process was used for 
texturing the AZO layer, the absorption enhancement can be attributed to the 




Figure  5-10 Total absorptance of a-Si:H solar cells on double-textured 
superstrates. Inset is the zoomed-in view in the wavelength region of 300-
650 nm. 
Table  5-5 Equivalent current density Jeqv (mA/cm2) of the total absorption in 
short and long wavelength region presented for double-textured superstrates 
made on different AIT glasses and T-Ref. 
 Wavelength 
region (nm)  T-Ref  AIT-1  AIT-2  AIT-3  AIT-4 
400-600 11.09 11.06 11.09 11.14 11.18 
600-700 6.34 6.38 6.44 6.55 6.59 
 
As shown in Chapter 4 the morphology of the double-textured samples 
changes based on the morphology of the AIT glass. In other words, it was 
shown that the PSD function of the double-textured surface can be estimated 
by sum of the two PSD functions of the T-Ref superstrate and the AIT 
superstrate. As a result we can conclude that a double-textured superstrate 
fabricated on AIT-4 glass is able to provide additional scattering into 
amorphous silicon (compared to the T-Ref superstrate).  
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A closer look at the absorptance (inset of Figure  5-10) reveals that the 
absorptance is also increased at short wavelengths (300-500 nm). As 
explained before, this can be correlated to a better light in-coupling into the 
solar cell due to the graded refractive indices at the glass/AZO interface and 
the AZO/a-Si:H interface. It is interesting to take note that an increase in 𝜎𝑟𝑚𝑠 
and a decrease in autocorrelation length of the AIT glasses is correlated with 
an increase in absorptance. In other words, AIT glasses with larger 𝜎𝑟𝑚𝑠 and 
smaller autocorrelation length provide better light in-coupling and, hence, 
larger absorptance.  
For the sake of comparison, the measured total absorptance of the 
a-Si:H solar cell deposited on the four different superstrates sketched in 
Figure  5-11 are compiled in Figure  5-12. The AIT-4 glass is chosen for this 
comparison since it provides maximum enhancement in the total absorptance 
(see Chapter 4 for the scattering results).  
 
 
Figure  5-11 Schematic drawing of the various superstrates used for a-Si:H 
solar cell deposition (not to scale).  
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Figure  5-12 Comparison of a-Si:H solar cells on superstrates of Figure  5-11. 
 
Table  5-6 Equivalent current density Jeqv (mA/cm2) of the total absorption in 




P-Ref T-Ref AIT-4 superstrate 
AIT-4 double-textured 
superstrate 
400-600 10.84 11.09 11.16 11.18 
600-700 4.41 6.34 6.34 6.59 
 
In Table  5-6, we can see that the T-Ref and AIT-4 superstrates produce 
the same 𝐽𝑒𝑞𝑣 (6.34 mA/cm2) in the 600-700 nm wavelength range. Hence, we 
can conclude that textured AZO superstrates can be substituted by the AIT 
superstrates for a-Si:H solar cells. We can also clearly see that a-Si:H solar 
cells on double-textured superstrates absorb the long wavelengths slightly 
better than AIT superstrates or textured AZO superstrates alone. We can 
conclude that double-textured superstrates scatter light in a wider wavelength 
range.  
So far, a-Si:H solar cells were deposited on the various superstrates 
mentioned. Since the absorption coefficient of a-Si:H drops above 600 nm 
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due to its bandgap, it is not possible to study the absorption enhancement for 
long wavelength photons (i.e. wavelength larger than 800 nm). To cover this 
topic, the absorption enhancement of micromorph solar cells on AIT glass 
(a-Si:H/μc-Si:H tandem solar cells) is presented in the following section. 
 
5-3 Optical absorption enhancement in micromorph thin-film solar 
cells  
As explained before, double-textured superstrates have already been 
proposed for absorption enhancement in the long wavelength range for micro-
morph solar cells. In the previous section, it was shown that optical absorption 
of a-Si:H solar cells can be increased in the 600-800 nm wavelength range 
using double-textured superstrates. In this section the absorption enhance-
ment in micromorph solar cells deposited onto differently textured super-
strates is analysed in order to show the advantage of a double-texture (using 
AIT glass as well as textured AZO) in the wavelength range from 800 to 1100 
nm.  
The detailed structure of the deposited micromorph cells was explained 
in Chapter 3. The superstrates used are the same as used for the deposition 
of a-Si:H thin-film solar cells (schematically sketched in Figure  5-11). All the 
micromorph solar cells were deposited in the same run. 
Figure  5-13 shows the measured total absorptance of the micromorph 
solar cells deposited onto the various superstrates of Figure  5-13. Since all 
the cells have a back reflector, the total absorptance is equal to (1-Rtotal). As 
expected, texturing reduced the interference fringes and increased the 
absorption.  
Comparing superstrates (b) and (c), we can see that the AIT superstrate 
shows larger absorptance at long wavelengths in comparison with textured 
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AZO superstrate. In other words, AIT glass without the texture-etching step 
for the AZO can outperform the texture-etched AZO that was optimized for 
high scattering into the micromorph cell. This was expected, as the AIT glass 
has larger feature size compared to textured TCO (the morphological 
properties of textured samples were discussed in Chapter 4). Thus, enhanced 
scattering especially for long-wavelength photons (800 - 1100 nm) can be 
expected. 
 
Figure  5-13 Total absorptance of micromorph solar cells on different super-
strates. 
Table  5-7 Equivalent current density Jeqv (in mA/cm2) of the total absorption in 
short and long wavelength region for the samples of Figure  5-13. 
P-Ref T-Ref AIT superstrate AIT double-textured superstrate 
30.84 36.13 36.99 38.10 
 
Additionally, we can see that the interference fringes totally disappeared 
in the double-textured superstrate (sample d, Figure  5-13). Disappearance of 
interference fringes shows that the reflected light is completely incoherent. 
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The absorptance of this sample is the largest of all four samples. This result 
demonstrates that the better scattering ability of the double-textured super-
strates for long-wavelength photons (as explained in Chapter 4) results in a 
larger optical absorptance within the long-wavelength region. 
 
5-4 Summary and conclusion 
The effect of glass texturing using the AIT method on the optical 
absorption within thin-film a-Si:H and micromorph (a-Si:H/μc-Si:H) solar cells 
was experimentally investigated. Furthermore, the absorption within single 
a-Si:H layers as well as a-Si:H solar cell precursor structures including TCOs 
was studied.  
It was shown that scattering at the AIT glass surface results in a strong 
increase in the optical absorptance for a wide range of intrinsic a-Si:H 
absorber layer thicknesses (115-270 nm). Further increasing the absorption is 
possible by optimizing the surface topography of AIT glass sheets for a-Si:H 
or for micromorph solar cell applications.  
Considering a-Si:H thin-film solar cells, a detailed parasitic absorption 
study within the different thin-film layers of an a-Si:H solar cell structure was 
presented. It could be clearly seen that optimization of the front transparent 
contact and p-doped layer is of great importance in reducing the optical 
parasitic losses. 
By comparing full solar cell structures on superstrates, it was shown that 
AIT superstrates can be considered as a replacement for the conventionally 
used textured TCO structures (denoted T-Ref in the text). It was observed 
that the a-Si:H solar cell on AIT superstrates absorbs a total number of 
photons equivalent to a current of 17.50 mA/cm2. The equivalent current of 
the absorptance on AIT superstrates is slightly larger than that of the standard 
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textured AZO superstrate (17.43 mA/cm2). Thus, the results of this work 
suggest that the AIT glass texturing method has the potential for either 
substituting the wet-chemical TCO etching process or realizing a further 
absorption enhancement. 
It was also shown that double-textured superstrates (AIT glass and 
textured TCO) can provide light scattering and absorption enhancement in a 
wider wavelength range (500-1100 nm) for micromorph solar cells. Further-
more, it was shown that both AIT superstrates and double-textured super-
strates can provide a better in-coupling of light into the solar cell structure. 
In Chapter 6, the solar cell results (I-V characteristics and quantum 
efficiency measurements) obtained on the various superstrates for both 
a-Si:H and micromorph solar cells are presented and discussed. 
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Chapter 6 Thin-film solar cells on AIT superstrates 
6-1 Introduction 
In Chapter 5, the optical absorptions resulting from a-Si:H solar cells as 
well as that of micromorph thin-film solar cells deposited on AIT superstrates 
were described and compared with some reference superstrates (P-Ref and 
T-Ref). In this chapter the corresponding I-V characteristics and quantum 
efficiency measurements are presented. 
In full analogy to Chapter 5, I first investigate the difference of using AIT 
glass superstrates with non-textured TCO instead of the standard superstrate 
T-Ref, i.e. planar glass with texture-etched TCO, for thin-film a-Si:H solar cells 
(see Figure  6-1). It was shown in Chapter 5 that AIT glass can be considered 
as an alternative for textured TCOs in terms of scattering into a-Si:H, given 
that the AIT morphology is optimized. In Chapter 4, the optimum morphology 
of AIT glass for maximum scattering into a-Si:H was proposed regarding the 
amount of light scattered from different AIT glasses using the presented 
analytical solution for the haze equation (Chapter 4, Section 4-4-3). This 
optimized AIT glass was then used in Chapter 5 to demonstrate the optical 
absorption enhancement. The optical absorption properties of a-Si:H solar 
cells on AIT superstrates as well as double-textured superstrates have been 
extensively studied. In this chapter, the performances of the thin-film a-Si:H 
solar cells deposited onto various AIT superstrates are compared to the 
corresponding performance on the T-Ref superstrate. The mentioned super-
strates are the same samples that were already introduced in Chapter 4 and 
Section  5-2 in Chapter 5. It is suggested that AIT superstrates can be a 
possible alternative to the wet-chemical AZO texturing process.  
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Figure  6-1 Schematic (not to scale) of a-Si:H solar cells fabricated on a) 
planar superstrate, b) a textured TCO superstrate (T-Ref superstrate) and c) 
AIT superstrate.  
Additionally a prediction of the (measured) short-circuit current enhance-
ment (stemming from the AIT superstrate or the textured reference super-
strate T-Ref, compared to the planar reference superstrate P-Ref) using 
surface morphology data, will be presented. The enhancement of light 
scattering into silicon is quantified by measuring the short-circuit current 
enhancement, ∆𝐽𝑠𝑐, with respect to the non-textured reference sample P-Ref. 
I show that, by using the calculated angular resolved scattering (ARS) of the 
AIT superstrate into a-Si:H, ∆𝐽𝑠𝑐 resulting from using AIT superstrates can be 
predicted. I also show that, by only using the calculated angular resolved 
scattering (ARS) of the AIT superstrate into a-Si:H, it is possible to sort the 
samples in terms of ∆𝐽𝑠𝑐, regardless of the surface morphology of the textured 
samples. Furthermore, I show that AIT superstrates can outperform the 
standard T-Ref superstrate (with respect to short-circuit current enhance-
ment). 
In a second part of this chapter, I-V and EQE results of thin-film 
micromorph (a-Si:H/μc-Si:H) solar cells processed on various AIT super-
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strates are briefly discussed and compared with respect to processing on the 
P-Ref and T-Ref superstrates as well. 
6-2 Thin-film a-Si:H solar cells 
6-2-1 Current-voltage characteristics (I-V) 
Figure  6-2 (a) and Table  6-1 summarize the I-V characteristics of the a-Si:H 
solar cells deposited on the various superstrates. Obviously, looking at the 
AIT-3 and AIT4 superstrates, significant problems with the shunt and series 
resistances occurred while processing on these superstrates (see the 
resistance values in Table  6-1). The shunting issue results from the fact that, 
as stated before, the solar cell fabrication process was not optimized for AIT 
superstrates. The shunting problem is most severe for sample AIT-4. 
Shunting of thin-film solar cells made on microtextured glass surfaces is a 
known issue [152]; it usually requires a careful re-optimization of the thin-film 
deposition processes.  
Due to the low shunt resistance and high series resistance, the measured 
1-Sun short-circuit current 𝐽𝑠𝑐 of a solar cell made on substrates AIT-3 or 
AIT-4 is significantly smaller than the photocurrent collected by the p-i-n 
junction. For sample AIT-4, the short-circuit current of this cell cannot be 
compared with the other cells due to the shunting issue. Since I want to 
compare the current enhancement due to scattering, I need a method to 
eliminate the shunting issue. In order to quantify the photon absorption 
enhancement due to scattering, I consider the I-V characteristics corrected for 
series and shunt resistances. To do so, I used the 2-diode model to fit the 
measured I-V curves and then changed the shunt resistance to 105 Ωcm2 and 
the series resistance to 2.4 Ωcm2 (i.e. the series resistance value of the cell 
made on the reference substrate T-Ref). The model is used to eliminate the 
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resistive losses and the recombination losses are not considered. This results 
in the I-V characteristics shown in Figure  6-2(b) and also listed in Table  6-1. 
 
 
Figure  6-2 I-V curves of the thin-film a-Si:H solar cells processed on the 
various superstrates. (a) As measured, (b) corrected for shunt and series 
resistances using a 2-diode model. 
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Table  6-1 One-Sun I-V parameters of the Mesa-type (1.0 cm × 1.0 cm) a-Si:H 
solar cells processed on the various superstrates, both before (‘as measured’) 


























as measured 12.5 890 74.8 8.3 735 11.2 4.0 1889 





as measured 14.3 919 71.1 9.3 736 12.7 2.4 1248 
corrected 14.3 922 74.0 9.8 740 13.2 2.4 100000 
AI
T-
1 as measured 12.5 920 74.5 8.6 770 11.1 4.8 1595 
corrected 12.6 921 79.2 9.27 784 11.7 2.4 100000 
AI
T-
2 as measured 12.8 920 73.8 8.7 770 11.3 3.5 1069 
corrected 12.9 921 78.9 9.4 781 12.0 2.4 100000 
AI
T-
3 as measured 13.7 911 67.1 8.4 730 11.4 6.4 537 
corrected 13.9 914 78.3 9.9 772 12.9 2.4 100000 
AI
T-
4 as measured 14.0 837 57.1 6.7 610 11.0 10.2 298 
corrected 14.7 843 75.3 9.31 691 13.5 2.4 100000 
 
Alternatively, we know that this shunting problem would be less signifi-
cant if we consider the expected 1-Sun (AM1.5G) 𝐽𝑠𝑐 of each cell from its 
measured EQE curve. The reason is that the EQE measurement is performed 
using low light intensity and thus the contribution of the resistances is less 
severe. Analysing the AIT-4 cell data, the shunt resistance becomes even 
close to the series resistance; so that of current loss due to resistive losses 
becomes significant. Under low intensity illumination, the resistive loss 
decrease, which leads to a better estimation of 𝐽𝑠𝑐 in EQE measurements. 
However, the influence of the shunt resistance on 𝐽𝑠𝑐 is still not fully 
eliminated in EQE measurements.  
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Before the I-V correction, comparing the  𝐽𝑠𝑐 of the solar cells, the 
textured reference sample T-Ref shows the largest short-circuit current. T-Ref 
furthermore shows a high open-circuit voltage, resulting in an efficiency of 
9.3%. This is not surprising, given that both the AZO texturing and the solar 
cell deposition process were optimized for this substrate type. However, after 
mathematically removing the influence of the measured series and shunt 
resistances, I find that the a-Si:H solar cell fabricated on the AIT-4 superstrate 
exhibits a larger  𝐽𝑠𝑐 than that made on the T-Ref superstrate, see Table  6-2 
and Figure  6-2(b). To quantify the photon absorption enhancement due to 
scattering, I calculate 𝛥 𝐽𝑠𝑐 using the resistance corrected short-circuit 
currents of Table  6-1. This shows that AIT glass superstrates have the 
potential to outperform planar superstrates coated with texture-etched TCOs 
regarding the optical absorption enhancement provided the shunting issue 
can be solved. The solar cell optimization for higher efficiency is proposed for 
future work. 
Table  6-2 Jsc and Jsc enhancement form corrected I-V curve 
Superstrate P-Ref T-Ref AIT-1 AIT-2 AIT-3 AIT-4 
𝑱𝒔𝒄 
(mA/cm2) 12.5 14.3 12.6 12.9 13.9 14.7 
∆𝑱𝒔𝒄 
(mA/cm2) NA 1.8 0.1 0.4 1.4 2.2 
 
 
6-2-2 External quantum efficiency (EQE) 
As an alternative method, the expected 1-Sun (AM1.5G)  𝐽𝑠𝑐 of each cell 
is also calculated from its measured EQE curve (the currents in EQE 
measurements are quite small and thus the relative difference between the 
measured current and the photocurrent collected by the p-i-n junction is less 
pronounced compared to 1-Sun I-V measurements). However, it is noted 
again that the series and shunt resistance contributions are still not negligible 
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using EQE measurements (when 𝑅𝑠ℎ is low and 𝑅𝑠 is large the last term in 
Equation 2-41, Chapter 2, is not negligible).  
Figure  6-3 shows the measured external quantum efficiency (EQE) of the 
a-Si:H thin-film solar cells. By texturing the AIT glass towards larger rough-
ness, coherence effects (interference fringes of Figure  6-3) are reduced. The 
EQE enhancement with respect to P-Ref occurs mainly in the wavelength 
region 620 - 800 nm. This then results in the measured short-circuit current 
enhancement 𝛥 𝐽𝑠𝑐 (the integrated EQE should give the measured  𝐽𝑠𝑐 of a 
solar cell). 
 
Figure  6-3 External quantum efficiencies of a-Si:H solar cells deposited on the 
AIT superstrates are compared with P-Ref and T-Ref. The Jsc in the legend is 
calculated using the solar spectral irradiance AM1.5G. 
Considering the series of samples from AIT-1 to AIT-4 (correlated with 
decreasing the feature size and increasing their surface roughness of the AIT 
superstrates), we can see the EQE in the wavelength range 620-680 nm 
increases. This indicates an increase of photon absorption and thin-film 
scattering into silicon. Analysing the EQE enhancement in the 620-680 nm 
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wavelength range with respect to the planar reference sample P-Ref, the 
solar cell processed on the AIT-4 superstrate is outperforming the solar cell 
processed on T-Ref, see Figure  6-3. 
Table  6-3 Jsc and Jsc enhancement form EQE measurement 
Superstrate P-Ref T-Ref AIT-1 AIT-2 AIT-3 AIT-4 
𝐉𝐬𝐜 
(mA/cm2) 12.95 14.32 13.11 13.29 14.15 14.46 
∆𝐉𝐬𝐜 
(mA/cm2) NA 1.37 0.16 0.34 1.2 1.51 
 
6-2-3 Comparison of textured samples with different morphology 
in terms of scattering 
So far, scattering properties of differently textured superstrates were 
introduced (Chapter 4) and the optical absorption of a-Si:H on these super-
strates were investigated (Chapter 5). In the present chapter, the short-circuit 
current density of a-Si:H solar cell on these samples are presented. Having all 
the presented data, the first question that comes to mind is if it is possible to 
compare these samples in terms of the scattering performance for a-Si:H 
solar cells. This section presents the results that make this comparison 
possible. 
 
6-2-3-1 Haze into a-Si:H 
Figure  6-4 shows the haze values of the textured superstrates. The 
measured haze at the air interface was reported in Chapter 4 and is repeated 
here for comparison, see Figure  6-4(a). Figure  6-4(b) shows the calculated 
haze value at AZO/p µc-Si:H interface using the haze equation provided in 
Chapter 4. We can clearly see that the haze value increases from sample 
AIT-1 to AIT-4 in Figure  6-4(b). As explained in Chapter 4, the haze value of 
the AIT superstrates is in general inversely related to the autocorrelation 




Figure  6-4 Haze values of the samples (a) measured at AZO/air interface and 
(b) calculated at the AZO/µc-Si:H interface.  
In Chapter 4 a new haze equation was proposed by modification of the 
simple haze equation by Carniglia [107].  
𝐻𝑇 = 1 − 𝑒𝑥𝑝 �− �2𝜋𝜎𝑟𝑚𝑠(𝑛1−𝑛2)𝜆 �2�    ( 6-1) 
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In this equation for 𝜎𝑟𝑚𝑠(𝑛1−𝑛2)
𝜆
> 0.342 the haze value is more 99%. The 
refractive index gradient in Figure  6-4(b) is larger than Figure  6-4(a). Hence, 
large refractive index gradient (𝑛1 − 𝑛2) can result in very large haze values at 
short wavelengths, as can be seen in Figure  6-4 (b). 
Let’s compare the shunt-corrected short-circuit currents of the a-Si:H 
thin-film solar cells fabricated on the various superstrates, as listed in 
Table  6-1. AM1.5G weighted value of haze at AZO/air interface and AZO/µc-
Si:H interface is also presented in Table  6-1. 
Table  6-4 Corrected short-circuit current and integrated haze value of 
different superstrates 
Sample 𝑱𝒔𝒄 [mA/cm2] ∆ 𝑱𝒔𝒄 [mA/cm2] Integrated value  of hazeair [%] Integrated value  of hazeµc-Si [%] 
P-Ref 12.5 N.A N.A. N.A. 
T-Ref 14.3 1.8 6.3 33.87 
AIT-1 12.6 0.1 6.0 62.7 
AIT-2 12.9 0.4 9.5 71.9 
AIT-3 13.9 1.4 10.0 74.3 
AIT-4 14.7 2.2 16.0 82.5 
 
Knowing 𝐽𝑠𝑐 = 12.5 mA/cm2 for the solar cell made on the planar 
reference superstrate P-Ref, we see that among the AIT samples higher haze 
into silicon results in a larger 𝐽𝑠𝑐. In terms of 𝐽𝑠𝑐, the solar cell made on the 
textured reference superstrate T-Ref clearly outperforms all solar cells made 
on the superstrates AIT-1 to AIT-3 (see Table  6-1). However, this picture is 
quite different if one compares the haze into air (see Figure  6-4(a)). We can 
see that the textured reference superstrate (T-Ref) shows a very different 
scattering behaviour compared to the AIT superstrate. The sample T-Ref 
shows the lowest amount of scattered light into air at long wavelengths, 
however at short wavelengths (~400 nm), the haze value of T-Ref is 
comparable to sample AIT-3. I conclude that the measured haze does not 
allow a consistent comparison of the AIT superstrates to the textured 
reference superstrate T-Ref. I suggest that it is only correct to compare haze 
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values of textured samples if PSD of these samples is similar in different 
spatial frequency regions or, in other words, for a comparison of the haze 
values samples need to be in the same scattering regime [92, 158, 159]. 
In addition, according to Table  6-1, the two AIT superstrates AIT-2 and 
AIT-3 have the same root mean square roughness σrms, but clearly show 
differences in the measured haze. However, the difference between calcu-
lated haze values of these two samples into p-μc-Si is very minor, but we do 
observe a considerable difference in short-circuit current enhancement 
between the solar cells made on these superstrates. We observe that sample 
AIT-3 generates a short-circuit current that is 1 mA/cm2 larger than that of 
AIT-2, which has the same roughness than AIT-3. Based on this observation, 
it is clear that haze is not the only scattering property that defines the 
absorption enhancement.  
Table  6-1 summarizes the (shunt-corrected) short-circuit currents 
together with integrated haze values of the samples. It is clear that there is no 
simple correlation between the integrated haze and the short-circuit current 
enhancement, 𝛥 𝐽𝑠𝑐, due to scattering. This is true even if only comparing the 
AIT samples among themselves, i.e. if comparing samples of the same 
scattering regime.  
 
6-2-3-2 Angular resolved scattering (ARS) into a-Si:H 
Angular dependent scattering (ARS) into air is the other measurable 
scattering property of the textured superstrates. It was explained in Chapter 4 
that in order to evaluate the scattering distribution inside the absorber layer, it 
is necessary to have a model to calculate this property. I have used the 
method presented by Domine et al. [89] for ARS calculation, using the AFM 
images of the samples and the refractive indices of AZO and air as input 
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parameters. The model was presented and validated for the measured ARS 
into air in Chapter 4.  
Figure  6-5 shows the calculated ARS into µc-Si:H using the same 
method. Considering the solar cell structure, ARS is calculated into p-doped 
µc-Si:H from AZO. Since the samples are randomly textured, the ARS shown 
in this figure are similar for all azimuth angles. All curves were normalized to 
produce a total transmission equal to 1. The calculated ARS at 620 nm into 
silicon allows a comparison of the AIT superstrates (textured glass/non-
etched AZO) and T-Ref (non-textured glass/texture-etched AZO) in terms of 
the light trapping potential. 
 
Figure  6-5 Simulated angular resolved scattering (ARS) of the samples from 
Table  6-1, characterizing scattering into silicon (at the TCO/µc-Si:H interface). 
The integrates value of ARS into µc-Si:H (θ = 4-90º) is also presented in the 
legend. 
In Figure  6-5 we can see that T-Ref scatters less light into smaller angles 
compared to AIT-3 and AIT-4. However, comparing the curves for angles 
larger than 20 degrees, we can see that the samples AIT-4 and T-Ref scatter 
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light similarly whereas the sample AIT-3 scatters less light. For the sample 
AIT-1, which shows almost no light absorption enhancement, we see that 
almost all of the transmitted light is scattered into small angles and the 
scattering is orders of magnitude smaller for scattering angles larger than 20 
degrees. In the previous section I have pointed out the large difference in 𝐽𝑠𝑐 
of the samples AIT-2 and AIT-3, which have both the same roughness. Now, 
looking at the ARS into silicon, the difference can be explained, as sample 
AIT-3 scatters more light to larger scattering angles. We thus observe that the 
light absorption enhancement that results in the measured ∆𝐽𝑠𝑐 is related to 
the amount of light scattered into the absorber layer at angles larger than a 
critical angle. Based on this observation, in the next section ∆𝐽𝑠𝑐 is correlated 
to the amount of trapped light that is calculated using ARS into silicon. 
 
6-2-3-3 Prediction of the measured short-circuit current enhance-
ment from surface morphology data 
The ARS, which defines the angular dependence of the scattered light, 
contains significantly more information than the haze value. As explained, this 
property can also only be measured in air, although it is necessary to 
evaluate it inside the absorber material. Schade et al. [160] tried to correlate 
𝐽𝑠𝑐 to the measured ARS into air using a weighting function derived from PSD 
function of the AFM image of the textured surface. However, ARS into the 
absorber material is more relevant and its correlation with 𝐽𝑠𝑐 can be more 
meaningful. Using scalar scattering theory [107] and the phase model 
presented by Harvey [108, 122], different models were introduced to calculate 
ARS [89, 121, 161]. Within this thesis I used the method presented by 
Domine et al. [89] to calculate the ARS. This method was already used by 
others to evaluate the ARS of textured TCOs [63, 162, 163]. It is obvious that, 
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if most of the light is scattered into small scattering angles, the absorption 
enhancement due to the oblique transfer of light is negligibly small. However, 
a simple intuitive measure for a comparison of textured samples in different 
scattering regimes is missing so far. In this regard, Boccard et al. [162] 
presented an absorption probability factor using the method presented by 
Deckman et al. [51] and the simulated ARS presented by Domine et al. [89]. 
Boccard et al. took a first-order approximation for calculating the external 
quantum efficiency (EQE) of a solar cell using the absorption probability factor 
and showed experimentally that this method is valid. Although accurate and 
relatively simple, it is not straightforward to compare the effectiveness of light 
trapping of differently textured samples with this method as one would need 
to evaluate the reflectance and parasitic absorption at different interfaces.  
In this section, I propose to use the measured ARS into air for calculating 
the ARS in transmission at AZO/Si interface, and use this quantity to calculate 
the amount of trapped light  𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑 inside the thin-film structure. I show that 
calculating  𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑 provides a simple tool for comparing differently textured 
samples in different scattering regimes. 
Considering Yablonovitch approach [66], I propose to replace the uniform 
light distribution inside the absorber by the transmitted ARS into the absorber 
material. Using this approach I approximate the amount of light escaping from 
the structure due to the transmission inside the escape cone and assume the 
rest of the light is trapped inside the structure. I show that the amount of 
trapped light  𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑 estimated in this way correlates with the measured 
short-circuit current  𝐽𝑠𝑐.  
The half angle of the escape cone at the AZO/Si interface is 𝜃𝑐 = 31°, 
using Snell’s law for the total internal reflection angle for light travelling from 
a-Si:H material into AZO (the refractive indices of the two materials (AZO and 
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silicon) at λ = 620 nm are used). Following Yablonovitch [66], I assume the 
light scattered outside the escape cone will be fully randomized after the first 
or second interaction with the scattering surfaces and will be trapped inside 
the absorbing material. The fraction of light that is trapped inside the structure 
can be calculated using Equation  6-2. 
 
𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑 =  ∫ ∫  𝐴𝑅𝑆(𝜃) 𝑆𝑖𝑛(𝜃) 𝑑𝜃𝜋2𝜃𝑐 𝑑𝜔2𝜋0    ( 6-2) 
 
𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑 is equal to the factor 𝑏 that was presented by Boccard et al. 
[162]. Table  6-5 lists this quantity for all the superstrates investigated in this 
work. Figure  6-6 shows 𝐽𝑠𝑐 of all the superstrates against 𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑. For the 
sake of comparison, 𝐽𝑠𝑐’s from both corrected and original I-V curves are 
reported as well as the 𝐽𝑠𝑐 derived from EQE curves. There exists a clear 
linear correlation between  𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑 and 𝐽𝑠𝑐 of the corrected I-V for all the 
superstrates i.e. textured AZO and AIT superstrates. 
 
Table  6-5 Corrected short-circuit current and scattering of a-Si:H thin-film 
solar cells processed on the different superstrates listed in Table  6-1. 
Sample 𝑱𝒔𝒄 [mA/cm2] 
∆ 𝑱𝒔𝒄 
[mA/cm2] 











P-Ref 12.5 N.A 0.7 6.4 5 
T-Ref 14.3 1.8 5.8 30.1 9.8 
AIT-1 12.6 0.1 6.9 40.3 5.1 
AIT-2 12.9 0.4 11.0 65.2 5.7 
AIT-3 13.9 1.4 11.5 72.8 8.9 




Figure  6-6 Linear dependence of the short-circuit current on the amount of 
light scattered outside the escape cone, δ trapped.  
Based on this figure, I conclude that it is possible to compare different 
textured superstrates, without taking the second step to calculate the 
absorbed light inside the a-Si:H structure as done by Boccard et alia [162]. In 
other words, 𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑 is assumed to directly correlate with the short-circuit 
current of the cells. Thus in principle, even without making the a-Si:H solar 
cells on the superstrates, it is possible to sort differently textured superstrates 
in terms of short-circuit current enhancement by simply measuring the AFM 
image of the surface after AZO deposition and calculating ARS into the 
absorber. This enables an independent optimization of the AIT process with 
respect to scattering enhancements into a-Si:H thin-films. 
For comparison, in addition to  𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑, Table  6-5 also lists the integrated 
values of the light scattered into air as well as into a-Si:H outside a cone with 
the angle of 4 degrees (corresponding to the opening angle of our haze 
measurement). It is evident that the integrated scattering into air is correlated 
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with the haze value of the samples, as previously discussed. The integrated 
scattered light into a-Si:H outside a cone of 4 degrees can be considered as 
haze into a-Si:H. As can be seen, this value does not have a correlation with 
the current enhancement among samples with different morphologies and 
different scattering behaviour. In other words, AIT superstrates and super-
strates using texture-etched TCO cannot be compared on the basis of haze 
into a-Si:H. To do so, it is necessary to consider angular resolved scattering 
into a-Si:H. 
6-3 Thin-film micromorph (a-Si:H/μc-Si:H tandem) solar cells 
In Chapter 5, optical absorption enhancement of micromorph (a-Si:H/ 
μc-Si:H) solar cells on AIT superstrates (textured glass with non-textured 
TCO) was already compared to a standard reference superstrate T-Ref 
(planar glass with texture-etched TCO) as well as for a double-textured 
superstrate (AIT glass with texture-etched TCO) in terms of total absorptance 
(equal to 1 - measured reflectance). It was shown that also for micromorph 
thin-film solar cells, the AIT superstrates can enhance optical absorption more 
than the reference superstrate T-Ref. It was also shown that micromorph 
solar cells on double-textured superstrates absorb more light than both AIT 
superstrates and the T-Ref superstrate. A comparison of the total photon 
absorption (like performed in Chapter 5) tells us about how the superstrates 
scatter light and how much light absorption is enhanced in total, however it 
does not tell us how much light is absorbed in the top cell and in the bottom 
cell of the micromorph tandem thin-film solar cell. In order to get this 
information, it requires an analysis of quantum efficiency measurements of 
these solar cells. In this section, the corresponding I-V and quantum 
efficiency measurements of the same solar cells as presented in Chapter 5, 
are analysed.  
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6-3-1 Current-voltage characteristics (I-V) 
Figure  6-7 shows the illuminated I-V measurement of the micromorph 
solar cells on different superstrates. The schematic of the superstrates was 
shown in Figure  6-1. Table  6-6 presents the main I-V parameters of the solar 
cells.  
As expected, the micromorph solar cell has lower efficiency on the planar 
superstrate (P-Ref) compared to the textured AZO superstrate (T-Ref). The 
low efficiency results from the small 𝐽𝑠𝑐, as expected. However, the solar cell 
on the planar superstrate (P-Ref) has the highest 𝑉𝑜𝑐 and fill factor among all 
cells. This is also not surprising because thin-film solar cells usually have 
lower intrinsic shunting problems when deposited on planar surfaces.  
 
 
Figure  6-7 I-V curves of the micromorph solar cells fabricated on different 
superstrates. 
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Table  6-6 I-V characteristics of the micromorph solar cells fabricated on 
different superstrates. 










P-Ref 9.44 1374 74.0 9.6 8.0 
T-Ref 11.33 1357 67.0 10.3 8.0 
AIT superstrate 10.56 1364 69.9 10.1 8.0 
Double-textured superstrate  11.1 1264 64.4 9.0 8.0 
 
The micromorph solar cell on textured AZO superstrate (T-Ref) shows 
the highest efficiency and 𝐽𝑠𝑐. The  𝐽𝑠𝑐 is expected because of the light scatter-
ing at the textured AZO interface, and the high efficiency results from the 
improved  𝐽𝑠𝑐. The efficiencies of the micromorph solar cell on the AIT 
superstrate and the double-textured superstrate are not comparable with the 
reference samples, for two reasons: 
1- Tandem cells require current matching of the top and bottom cell for 
high efficiency [164]. The deposited micromorph solar cell structure 
was designed and experimentally optimized to provide a good current 
matching on the T-Ref superstrate. As a result, the cells deposited 
onto the other superstrates are not current matched and the com-
parison of their solar cell characteristics with T-Ref is not meaningful. 
2- a-Si:H based thin-film solar cells have to be experimentally optimized 
for different textured superstrates. As explained before, AIT super-
strates and double-textured superstrates have significantly different 
morphologies compared to T-Ref. Hence, further experimental 
optimization can result in better solar cell results in terms of the fill 
factor and 𝑉𝑜𝑐. 
However, we can observe that the micromorph solar deposited onto the 
AIT superstrate has a reasonable fill factor and 𝑉𝑜𝑐, while the solar cell 
deposited onto the double-textured superstrate has low fill factor and 𝑉𝑜𝑐. 
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The lower fill factor resulted from the current matching problem 
mentioned earlier [46]. The lower 𝑉𝑜𝑐 could result from a shunting 
problem in the solar cell. This issue is reflected in the EQE results of the 
micromorph cell on the double-textured superstrate, as discussed in the 
next section. 
In the following section, the EQE curves of the micromorph cells of 
Figure  6-7 are presented in order to compare the effect of the scattering 
properties of the samples on the photon absorption enhancement.  
 
6-3-2 External quantum efficiency (EQE) 
The external quantum efficiencies (EQE) of the micromorph solar cells 
deposited on the various superstrates are shown in Figure  6-8 to Figure  6-10. 
 All the solar cells were deposited in the same run. All solar cells were 
measured as-deposited without any light soaking. The solar cell structure was 
optimized for the T-Ref superstrate in order to get the same (i.e., matched) 
current generated within the top and the bottom cell. A proper current 
matching of the top and bottom cell is important to get the maximum short-
circuit current from the micromorph tandem solar cell [164]. Hence, the micro-
morph solar cell on the T-Ref superstrate is taken as a reference for 
comparison. The EQE measurement method was explained in Chapter 3. In 
Figure  6-8 to Figure  6-10, the sum of the EQE of the top and bottom cells are 
also presented. The sum is a measure for total photon absorption in the 
intrinsic layer of the top and the bottom cell. The photon absorption current is 
calculated for the top, the bottom and the sum of the EQEs and presented in 
the figures. The current sum can be considered as a representative of total 
absorption in both top and bottom cells.  
Figure  6-8 shows EQE results of micromorph solar cells deposited on the 
two reference superstrates, i.e. P-Ref and T-Ref. The dashed line shows the 
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sum of the quantum efficiencies of top and bottom sub-cells. The corres-
ponding current densities that are in principle extractable for the top and 
bottom cell are also mentioned in the figure. As expected, the micromorph 
solar cell deposited on the planar reference superstrate P-Ref shows lower 
quantum efficiency (black).  
 
Figure  6-8 EQE results of thin-film micromorph solar cells deposited on the 
planar reference superstrate P-Ref, and on the textured reference superstrate 
T-Ref, respectively. The dashed line is sum of the EQE of the top and the 
bottom cells.  
As can be seen, the top and bottom cell current density is enhanced after 
etching the AZO. Texture-etching the AZO has decreased the light coherence 
in the system; hence the interference fringes disappeared for the top cell and 
became less pronounced for the bottom cell. This leads to an increase in 
current, both in the top and the bottom sub-cells (red) compared to the planar 
superstrate. We can see that current matching is obtained only for the 
micromorph solar cell being deposited on T-Ref superstrate. However, the 
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tandem cell is bottom-cell limited, meaning that the 𝐽𝑠𝑐 of the bottom cell is 
slightly smaller than that of the top cell. It is worth mentioning that a 
micromorph solar cell structure is usually designed to be bottom-cell limited in 
order to be able to compensate the light induced degradation (LID) effect of 
the top cell after light soaking (i.e. to obtain current matching after light 
soaking).  
Figure  6-9 shows EQE results of the micromorph solar cells on the T-Ref 
superstrate and the AIT superstrate. The micromorph solar cell processed on 
the AIT superstrate produces less top current but more bottom current, see 
Figure  6-9. This indicated that scattering from T-Ref results in more current 
enhancement in the top a-Si:H cell compared with the AIT superstrate. As can 
be seen in the EQE curve of the top cell, the lower absorption of the AIT 
superstrate is in the wavelength range between 450 and 750 nm. The AIT 
superstrate that was chosen in this experiment has a larger autocorrelation 
length than the T-Ref superstrate. It was explained in Chapter 4 that there is 
an optimum autocorrelation length for AIT glasses for good scattering into the 
a-Si:H layer. A large autocorrelation length results in better scattering in the 
long-wavelength region for micromorph cells. Hence, the AIT superstrate is 
not suitable for scattering into the a-Si:H cell.  
On the other hand, looking at the EQE of the bottom cells, the AIT 
superstrate (green curve) has a larger current enhancement compared to 
T-Ref. In the wavelength range from 550 to 750 nm, the lower absorption of 
the top cell has resulted in a higher absorption in the bottom cell. In other 
words, the light has passed through the top cell and reached the bottom cell 
where it was absorbed. 
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Figure  6-9 EQE results of micromorph solar cells deposited on a textured 
AZO superstrate (reference) and an AIT superstrate. The dashed lines 
indicate the sum of the EQE of the top and the bottom cells and are added for 
comparison. 
However this is not the only reason for the larger bottom cell current. In 
the wavelength region from 790 to 1000 nm, the AIT superstrate results in 
larger absorption in the intrinsic µc-Si:H layer of the bottom cell in comparison 
with the textured AZO superstrate. This absorption enhancement resulted 
from better scattering by the AIT superstrate at long wavelengths. As 
explained, the AIT superstrate has a larger autocorrelation length and hence 
scatters long wavelengths more strongly. Due to the absorption enhancement 
at long wavelengths, the sum of the currents on the AIT superstrate is 0.1 
mA/cm2 larger than for T-Ref. 
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Figure  6-10 EQE results of micromorph solar cells deposited on textured AZO 
superstrate (reference) and double-textured superstrate. 
Figure  6-10 shows EQE results of the micromorph solar cells on the 
textured AZO superstrate (T-Ref) and on the double-textured superstrate. For 
the top cell, we can recognize a slight blue shift of the EQE peak position for 
the micromorph solar cell on the double-textured superstrate. The associated 
absorption enhancement in the 300 to 500 nm range is related to lower 
reflection losses due to a better light incoupling. This phenomenon was 
explained in Chapter 5. The lower EQE (and absorption) of the double-
textured cell at intermediate wavelengths (500-600 nm) results in extra 
absorption in the bottom cell. In other words, the photons that are not 
absorbed in the top cell are transmitted to the bottom cell where they can be 
absorbed and converted.  
Looking at the bottom cells, there is a clear EQE improvement in the 
long-wavelength region (700-950 nm) for the double-textured superstrate. 
The associated absorption enhancement resulted from better light scattering. 
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Light scattering of double-textured superstrate in comparison with other 
superstrates was discussed in Chapter 4.  
In a general comparison of the sum of the EQE of the top and bottom 
cells (dashed line), we can see that the current sum from the double-textured 
superstrate is ~0.6 mA/cm2 larger than the T-Ref superstrate. In addition, we 
can see that the micromorph solar cell on the double-textured superstrate 
have a larger total sum of EQE both in short and long wavelength light 
comparing with T-Ref. However looking at the total absorption in wavelength 
range between 500 and 700 nm, we can see that there is a slight reduction in 
the EQE of the micromorph solar cell on the double-textured superstrate in 
comparison with the reference solar cell (T-Ref). To understand the reason 
behind this EQE reduction, the internal quantum efficiencies (IQEs) of these 
cells are analysed in Figure  6-11.  
 
 
 Figure  6-11 Internal quantum efficiency of the samples on two different 
superstrates. The dashed lines show the total absorptance of the cells (right y 
axis). 
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Figure  6-11 shows the IQE of the micromorph solar cells on the textured 
AZO superstrate (T-Ref) and the double-textured superstrate. IQE refers to 
the efficiency with which photogenerated electron-hole pairs are collected by 
the solar cell and transferred to the external circuit. The IQE method was 
explained in Chapter 3. The total IQE of the tandem cell is the sum of the 
IQEs of the bottom and top cells.  
In general, comparing the total IQEs in Figure  6-11 we can see that the 
samples behave differently in the wavelength region of 500 to 700 nm. We 
can also see that, for all wavelengths, the total absorptance of the micro-
morph cell on the double-textured superstrate is larger than that of the cell on 
the T-Ref superstrate. However looking at the IQE of the top cells, we can 
see that the IQE of the micromorph cell on the double-textured superstrate is 
smaller than in the case of the T-Ref superstrate. On the other hand, it was 
shown in Figure  6-7 that the micromorph solar cell on double-textured 
superstrate has a lower fill factor and 𝑉𝑜𝑐. We can conclude that the lower IQE 
in the wavelength range from 450 to 700 nm results from a lower collection 
efficiency of the carriers. On the other hand, the growth of the p-layer  
strongly depends on the underlying substrate. As a result, the p-layer 
thickness can be slightly different in different samples. In addition lateral 
inhomogeneity in the sputtering of TCO can contribute to this difference in the 
IQE. In general, all these potential reasons suggest that the deposition 
processes were affected by the additional texturing.  
In conclusion, the double-textured superstrate has increased the 
absorption both at short wavelengths and at long wavelengths due to better 
light incoupling and better light scattering, respectively. However the 




Absorption enhancement in a-Si:H single-junction and micromorph 
(a-Si:H/μc-Si:H) double-junction thin-film solar cells due to light scattering has 
been investigated using various superstrates. The following superstrates were 
studied: (i) various aluminium-induced textured (AIT) glasses covered with 
non-etched AZO (‘AIT superstrates’), (ii) a planar glass covered with a 
texture-etched AZO (textured reference superstrate, T-Ref), (iii) a planar 
glass covered with a non-etched AZO (planar reference superstrate, P-Ref), 
and a double-textured superstrate (highly scattering AIT glass covered with 
texture-etched AZO).  
For a-Si:H solar cells, it was shown that AIT superstrates can produce a 
higher short-circuit current enhancement (compared with the planar reference 
superstrate, P-Ref) than the optimized T-Ref superstrate (using texture-
etched AZO), provided the optimum roughness and autocorrelation length of 
AIT glass are used. Comparing AIT superstrates among themselves, an 
increase in haze as well as an increase in the angular resolved scattering 
(ARS) was found to correlate with an increase in the short-circuit current 
enhancement. However considering that the reference superstrates P-Ref 
and T-Ref are different optical systems, it is not surprising that neither the 
measured haze nor the measured ARS into air enables a consistent 
comparison of the AIT superstrates with respect to the two reference 
samples.  
I demonstrated that, using a calculated angular resolved scattering ARS 
function into silicon (derived from the measured ARS into air), the measured 
short-circuit current enhancement of a-Si:H thin-film solar cells with respect to 
the planar reference superstrate P-Ref can be consistently predicted from 
surface morphology data alone. In order to predict the corresponding scatter-
ing behaviour into silicon, the measured ARS into air was first simulated using 
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the measured AFM images of the samples, thereby validating/calibrating the 
simulation of ARS. Subsequently, the ARS into a-Si:H was calculated. The 
results indicate the possibility of a consistent description of the measured 
short-circuit current enhancement of the solar cell by means of a prediction of 
scattering into angles larger than the angle of total internal reflection (𝜃𝑐). The 
amount of light that is scattered to angles larger than 𝜃𝑐 was calculated and 
called trapped light,  𝛿𝑡𝑟𝑎𝑝𝑝𝑒𝑑. This quantity was found to be linearly related to 
the measured short-circuit current 𝐽𝑠𝑐 of a-Si:H solar cells being deposited on 
all investigated superstrates (i.e. using superstrates with very different 
scattering regimes). This enables an independent optimization of the AIT 
process with respect to the light absorption enhancement in a-Si:H thin-films, 
without having to actually process the a-Si:H thin-film solar cells. 
In addition, quantum efficiencies of micromorph solar cells on four differ-
ent superstrates (i.e. planar superstrate, textured AZO superstrate, AIT super-
strate and double-textured superstrate) were compared to investigate light 
scattering properties of the textured superstrates in the long-wavelength 
region. The results suggest that both AIT and double-textured superstrates 
can provide absorption enhancement in long wavelength region comparing to 
textured AZO superstrate (reference). It was also concluded that double-
textured superstrates can provide larger total photon absorption. 
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Chapter 7 Conclusion and Future work  
 
7-1 Conclusion 
This study explored the scattering properties of aluminium-induced 
textured (AIT) glass, using both experiments and simulations. AIT glasses 
with different surface morphologies suitable for a-Si:H cell fabrication were 
chosen for this purpose. The AIT method is a versatile glass texturing method 
which was patented by Aberle et alia [84].  
In this thesis, methods to quantify scattering properties for absorption 
enhancement in thin-film structures were developed and investigated. Using 
the models developed in the thesis, angularly resolved scattering (ARS) and 
haze can be predicted from the surface morphology of the textured samples 
(i.e. from measured AFM images).  
ARS properties of the AIT samples were investigated and compared with 
textured TCO (serving as a reference sample). It was shown that the ARS of 
AIT glass is correlated to the PSD function of the textured surface, which can 
be extracted from AFM images. Hence, ARS can be controlled by the 
morphological properties of the textured surface. In general, it was shown that 
AIT glass with larger roughness and smaller autocorrelation length provides 
larger scattering into larger angles.  
In addition, the haze values of the AIT glass, AIT superstrates and 
double-textured superstrates were investigated. It was shown that the avail-
able models cannot accurately predict the haze values of AIT samples, as 
these samples scatter light into small angles due to their large autocorrelation 
length.  
In this work the author introduced a method to model the haze values of 
AIT glass samples. In a first step, the different methods of haze calculation 
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(used in the solar community) were discussed. The limitations of these 
equations were shown, for example that they are inconsistent with the 
measurement method and that the autocorrelation length of the surface 
morphology is not considered in these equations. Subsequently, the author 
developed a generalized haze equation using the PSD function of the 
investigated surfaces. The developed haze equation was successfully 
validated using experimental data. 
A major feature of the new haze equation is that both vertical and lateral 
morphological factors (𝜎𝑟𝑚𝑠 and autocorrelation length, respectively) of the 
textured surface are reflected in the equation. This allows finding the optimum 
morphological properties (i.e. autocorrelation length) for maximum scattering 
into any given textured substrate. This autocorrelation length can be found for 
scattering of any specific wavelength into the desired medium. For the case of 
standard a-Si:H thin-film solar cells, the optimum autocorrelation length for 
AIT glass was found to be 320 nm.  
Furthermore, the absorption within single a-Si:H layers as well as a-Si:H 
solar cell precursor structures including TCOs was studied. Considering 
a-Si:H thin-film solar cells, a detailed parasitic absorption study within the 
different thin-film layers of a-Si:H solar cell structure was presented. It could 
be clearly seen that optimization of the front transparent contact and p-doped 
layer is of utmost importance for reducing the optical parasitic losses. 
Additionally, absorption enhancement due to light scattering of a-Si:H 
and micromorph (a-Si:H/μc-Si:H) thin-film solar cells deposited on various 
superstrates was experimentally investigated. The following superstrates 
were studied: (i) various AIT glasses covered with non-etched AZO (AIT 
superstrates), (ii) a planar glass covered with a texture-etched AZO (textured 
reference superstrate, T-Ref), (iii) a planar glass covered with a non-etched 
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AZO (planar reference superstrate, P-Ref), and (iv) a double-textured super-
strate (highly scattering AIT glass covered with texture-etched AZO). 
Finally, the solar cell results (current-voltage characteristics and quantum 
efficiency measurements) obtained on the various superstrates for both 
a-Si:H and micromorph solar cells were presented and discussed. It was 
shown that an a-Si:H solar cell on an AIT superstrate can potentially increase 
𝐼𝑠𝑐 by 0.4 𝑚𝐴/𝑐𝑚2 compared with the textured TCO superstrate (T-Ref). In 
the case of micromorph solar cells, AIT superstrates perform as well as the 
textured TCO superstrates. Further increases are possible by optimizing the 
surface topography of AIT glass sheets for a-Si:H or for micromorph solar cell 
applications. Thus, the results of this work suggest that the AIT glass 
texturing method has the potential for either substituting the wet-chemical 
process of TCO etching or realizing a further absorption enhancement. 
In addition, quantum efficiencies of micromorph solar cells deposited on 
the four different superstrates were investigated. The results suggest that 
both AIT and double-textured superstrates can provide absorption enhance-
ment in the long-wavelength region compared to the textured AZO 
superstrate (reference). Double-textured superstrates can provide a larger 
total photon absorption. For micromorph solar cells they provide light 
scattering and absorption enhancement in a broader wavelength range.  
This study also evaluated the correlation of the short-circuit current 
enhancement (with respect to the planar reference superstrate) with different 
scattering properties of the textured samples (i.e. haze, ARS, etc). Comparing 
AIT superstrates among themselves, an increase in haze as well as an 
increase in the angular resolved scattering (ARS) was found to correlate with 
an increase in the short-circuit current enhancement. However neither the 
measured haze nor the measured ARS into air enables a consistent com-
parison of the AIT superstrates with respect to a textured TCO superstrate. 
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Using the calculated angular resolved scattering ARS function into silicon, the 
measured short-circuit current enhancement of a-Si:H thin-film solar cells can 
be consistently predicted. This enables an independent optimization of the 
AIT process with respect to the light absorption enhancement in a-Si:H thin 
films, without having to actually process the a-Si:H thin-film solar cells. 
 
7-2 Future work 
In this work the haze model was only developed and verified for the AIT 
glass morphology. It is very likely that the equation can also be applied to 
other non-Gaussian surfaces (i.e. surfaces with non-Gaussian height 
distribution) since (i) the AIT morphology does not normally have a Gaussian 
height distribution function and (ii) the PSD function of the surface is used in 
the equation rather than the rmsσ . In future work, the provided haze calcu-
lation method can be experimentally validated for other surface morphologies. 
In this study, AIT glass was mainly used to prove the scattering proper-
ties (both haze and ARS) for a-Si:H cells. However, since the morphological 
properties of AIT glass can be controlled and designed, this type of texturing 
can be useful for light trapping in other thin-film silicon solar cells. In addition, 
the AIT morphology is known for scattering in the long-wavelength region. 
Since long-wavelength scattering becomes more important in other thin-film 
solar cells like micromorph or µc-Si:H cells, it would be interesting to use AIT 
glass with different morphologies to investigate its benefits for light trapping in 
other thin-film solar cells. 
Furthermore, it is clear from this study that double-textured surfaces have 
great potential for light scattering across a wider wavelength range. Based on 
the data presented in this work it is obvious that it is possible to define the 
optimum autocorrelation length and roughness for AIT glass in order to 
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achieve maximum scattering. Hence it is possible to combine the scattering 
properties of textured TCO and AIT glass to broaden the scattering 
wavelength range. However, a further optimization of double-textured 
surfaces was not within the scope of this study. It is highly recommended to 
extend the haze model presented in this study to double-textured surfaces. 
Such an attempt might also give a better insight into the optimum morphology 
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Appendix A: General solution for the haze equation 
As discussed in the thesis, the haze value of AIT glass can be calculated 
using the PSD function. The PSD function contains information about the 
lateral feature size and height distribution. The ABC model is known to satis-
factorily describe randomly rough surfaces over large length scales. The 𝐵 
parameter defines the “knee” in log-log plot of PSD vs. spatial frequency. The 
parameter 𝐴 defines the power in the small frequencies and has a direct 
relation to the roughness value, and 𝐶 (or 𝑎 in this paper) defines the high 
spatial frequency behaviour.  However, the PSD function of a surface might 
follow a more general form of the ABC model with variable C values. In 
equation 1, the ABC model is used to define a more general equation for the 
PSD function (“𝐶” is denoted by “𝑎” in equation 1 to avoid confusion 
with 𝐶(𝜆)).   PSD2D(𝑓) = 𝐴𝐵(𝐵2𝑓2+1)𝑎+12  , 𝑓2 = fx2 + fy2    (1) 
A, B, and a are the model parameters and f is the spatial frequency. The 
𝑃𝑆𝐷2𝐷 function can be easily converted into a 𝑃𝑆𝐷1𝐷 function and an 
autocovariance function (ACV) using equations 2 and 3.  
PSD1D(fx) = 4∫ PSD2D(fy)𝑑fy∞0 = 2√𝜋 𝛤�𝑎2�𝛤�𝑎+1
2
�
× 𝐴(𝐵2fx2+1)𝑎2   (2) 
ACV(𝜏) = ℱ𝑓−1[PSD1D(𝑓)](𝜏) = � PSD1 D(𝑓) exp(2𝜋𝑖𝑓𝜏)𝑑𝑓∞
−∞
  






















��,    (3) 
(Κy(x) is a modified Bessel function of the second kind)  
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Knowing the PSD and ACV functions, two important properties of the 
surface represented by the PSD function can be calculated: total roughness 
(𝜎𝑡𝑜𝑡) and autocorrelation length (𝜏𝑐𝑙).  
𝜎𝑡𝑜𝑡
2 = 2𝜋 ∫ 𝑃𝑆𝐷2𝐷(𝑓) 𝑓 𝑑𝑓∞0 = 2𝜋𝐴(𝑎−1)𝐵2     (4) 
𝜏𝑐𝑙
2 = 2∫ 𝜏ACV(𝜏)𝑑𝜏∞0
σtotal
2 = (𝑎−1)𝐵24𝜋2       (5) 
The total roughness 𝜎𝑡𝑜𝑡 is a surface characteristic which can be 
calculated using Equation 4. This value is equal to the volume-integral under 
the 𝑃𝑆𝐷2𝐷  function over the xy plane. If the correct 𝑃𝑆𝐷2𝐷 function of the 
surface is known, the 𝜎𝑡𝑜𝑡 is independent of the AFM measurement 
dimension or resolution, and it represents all the power contained in all spatial 
frequencies.  
Equation 6 shows the transmission haze equation for normal incident, in 
which the relevant roughness, σtot(λ), for scattering of each wavelength as 
well as a correction factor for the opening angle of the measurement, C(λ), 
are considered.  
H = 1 − exp �−�|2π σtot(λ)
λ
× {√ε2 − √ε1} × C(λ)|�2�  (6) 
Using the general PSD function of the surface both factors can be 
derived as presented in equations 7 to 9: 
σtot
2 (λ) = 2π∫ PSD2D(f). f. df =1λ0 2πA(a−1)B�1 − �B2λ2 + 1�1−a2 �  (7) 







= Δq∗ sgn(Δq)�1−�B2Δq2+1�1−a2 �
Δq2
  ,   
 ∆q = 2π√ε2
λ




Appendix B: Physical constants 
Constant Value Unit Description 
𝒄  299792458 m/s Speed of light in vacuum 
𝜺𝟎  8.8541878176×10
-12 F/m Vacuum permittivity 
𝒉  4.135667516(91)×10-15 eV·s Planck constant 
𝒌  8.6173324(78)×10-5 eV/K Boltzmann constant 
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